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Abstract 
Solar Fuels is an expanding area of research in energy storage, with the likes of hydrogen, 
ammonia and methanol all being produced photocatalytically and photoelectrochemically, 
effectively storing solar energy as chemical energy. Ammonia is currently being investigated 
as a possible energy vector as a combustion fuel, hydrogen storage chemical and use in a fuel 
cell. However current synthesis methods lead to high emissions and energy consumption and 
are therefore not ideal. Utilisation of solar ammonia production techniques such as 
photocatalysis and photoelectrochemistry provide more environmentally friendly routes to 
ammonia synthesis, at ambient temperature and pressure.  
 
This research intends to investigate various semiconductor materials for photocatalytic and 
photoelectrochemical solar fuel production, with a focus on ammonia synthesis from 
photocatalytic and photoelectrochemical reduction of nitrogen and nitrate. By utilising novel 
semiconductor synthesis methods such as aerosol assisted chemical vapour deposition and 
microwave synthesis, interesting morphologies and improved activities can be obtained. It is 
found that nanostructured morphologies can be created on photoelectrodes through the 
aerosol assisted chemical vapour deposition method (CuFe2O4) and microwave synthesis can 
rapidly produce photocatalysts with improved photocatalytic activity for ammonia 
production. Through microwave synthesis of palladium doped titanium dioxide powder (Pd-
TiO2), a new method of synthesising ammonia was discovered through microwave ammonia 
synthesis utilised in conjunction with in-situ alcohol dehydrogenation. 
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1.1. Current Energy Vectors and Technologies 
 At present, there are many methods for energy to be obtained and utilised, all come 
with both advantages and consequences. Our main contributors to energy production are 
that of burning different fossil fuels, with oil, gas and coal dominating current markets. 
Although these routes of energy production provide significant quantities of energy per unit 
weight, they do so at a cost of the environment. Oil is mainly used in transportation with 
crude oil being extracted from underground reservoirs and refined to create different types 
of petroleum for multiple modes of transport. In contrast, coal is mostly utilised in electricity 
generation and in 2011 contributed to 42 percent of the United States electricity supply.1 
Whereas, natural gas (NG) is often used for heating or electricity in both residential and 
industrial sectors and accounts for 22 percent of United States energy usage in 2010. In 
addition, NG burns cleaner than its fossil fuel counterparts with lesser amounts of SOx, NOx 
and particulate emissions although CO2 emissions are still high. 1 
Fossil fuels with their inherent well-known problems have led to the research and 
development of new technologies since the mid-20th century. This led to the development of 
many other energy production techniques for instance nuclear energy, as well as renewable 
sources such as wind, solar, geothermal and tidal energy. Nuclear energy provides massive 
amounts of energy with little CO2 emissions, but power stations have slow start up times and 
major safety considerations. Renewable power provides energy from an inexhaustible source 
with no CO2 emissions other than that is required to build the equipment which is deemed 
insignificant compared to fossil fuels.2 However, currently they suffer from poor efficiencies 
(so low energy generation) and very high costs and therefore struggle to be widely cost-
efficient.  
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1.2. The Problem 
 The world today is fast approaching a critical point in terms of energy demand, energy 
consumption and CO2 emissions in what in this modern age can also be termed the “Energy 
Crisis.” With both energy demand and consumption increasing at an alarming rate; in 2013 
alone, primary energy consumption grew by 2.3% globally and increased by just over 300% 
since 1965 (see figure 1-1). Moreover, these same statistics showed that; renewable energy 
only accounts for 2.2% of global energy production whereas energy being produced by fossil 
fuels with high CO2 emissions such as coal, gas and oil accounting for 86.7% of global energy 
production.3 This, above all else, is causing significant problems worldwide including climate 
change and sub-standard air quality, at present though, we are both economically and energy 
dependent on these high emission fossil fuels for energy.4,5 However, due to their finite 
amount, these fossil fuels are being depleted creating desperate measures in attempting to 
find new sources of oil and gas such as shale gas from fracking.6 This results in an even greater 
environmental impact than its previous counter-parts.6 Therefore, out of necessity for halting 
climate change, satisfying energy demand and improving both economic stability and air 
quality; a shift in the source of energy is required from fossil fuels to renewables. 
Figure 1-1: Graph showing the growth in world primary energy consumption in MTOE from 
1965 to 2013 where 1 TOE is approx. 41.9 GJ, data from BP Statistical Review 2014.3 
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1.3. New Energy Vectors Being Explored 
Currently, there are numerous novel energy vectors being explored, mainly for energy 
storage, and in both new and existing energy production methods. Energy storage is the 
modern challenge with finding a method to store and release energy efficiently; at the 
moment the main vectors in this area are hydrogen fuel cells, batteries and super 
capacitors.7,8 Whereas with energy production new vectors being explored in the solar 
industry include photocatalysis, perovskite solar cells, photoelectrochemical cells and 
improving upon state of the art photovoltaic (PV) cells.9–12 Photocatalysis provides promise 
for the production of solar fuels at ambient temperature and pressure, via the irradiation of 
photocatalysts, usually in heterogeneous conditions, to produce fuels needing only sunlight 
and the reactants.9 While photoelectrochemical cells go one step further, by applying a 
potential to a semiconductor photoelectrode, it can help drive a photocatalytic reaction with 
the help of electrochemistry (see figure 1-2).11 Hydrogen (H2) is being looked at as a fuel or 
energy storage material and is mostly produced via steam reforming which produces vast 
quantities of H2 from methane (CH4), however the main by-product from this process is 
CO2.13,14 New methods of production of H2 have already attracted vast amount of interest 
from the academic solar community with many other methods being investigated to produce 
H2 from sunlight as a ‘solar fuel.15,16’ This would be advantageous due to a reduction in 
greenhouse gas emissions and would provide alternative production routes for H2 which don’t 
rely on finite fuel source to produce. Other Solar fuels are also being investigated such as 
ammonia and Methanol .15,17 
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Figure 1-2. Principle operation of a photoelectrochemical cell generating hydrogen via the 
cleavage of water in “water splitting.” Reproduced from reference.11 
1.4. Ammonia 
1.4.1. Background. 
Ammonia (NH3) is currently the most produced commercial chemical in the world with as in 
2012 was up to 160 million tons per annum,18 and is responsible for feeding approximately a 
third of the world’s population.19 If we then look at the amount of energy this uses up; it 
needs over 30 GJ/ (per ton NH3) and so ammonia production utilised 1-2% of global energy 
consumption in 2013.20,21   The main cause of this is its production method via the well-known 
Haber-Bosch process harnesses temperatures of 400-600 oC and pressures up to 20-40 MPa22  
(see figure 1-3) to fix nitrogen in a heated nitrogen:hydrogen (3:1) gas mixture. The heated 
gases are then passed over a Fe2O3/K2O catalyst leading to an initial 15% conversion of 
reactants, which increases to 98% efficiency with recycled reactant gases.23,24 This makes the 
process undesirable for an ideal energy conscious world, not only due to its large energy 
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consumption but the greenhouse gas emission that comes with that. The reason it requires 
such harsh conditions is due to the difficulty in cleaving the NΞN triple bond, which is 
extremely stable with a bond energy of 945 kJmol-1.18 Another key limitation, added  on the 
considerable emissions, is that the high temperature is unfavourable for ammonia production 
as it shifts the equilibrium to the reactant side (see equation 1-1). This means that it requires 
the high pressure to overcome this equilibrium shift and push the reaction forward as there 
are 4 moles of reactant for every 2 moles of ammonia as product. 
𝑁2 + 3𝐻2 → 2𝑁𝐻3          𝛥𝐻𝑟𝑥𝑛 = −91 𝑘𝐽𝑚𝑜𝑙
−1      (1-1) 
 
Figure 1-3. A simplified schematic diagram of the industrial production of ammonia via the 
Haber process. Reproduced from reference.23 
There are also several other synthesis methods, with varying levels of success including: 
thermochemical,25 solid state,26,27 biological,28,29 electrochemical,14,28 metallocomplex,29,30 
renewable powered Haber process,31 and photocatalytic/photoelectrochemical production.32 
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1.4.2. Ammonia as an Energy Vector 
With its history of being utilised directly as a fuel,33–35 NH3 presents itself as a new and 
upcoming energy vector with more research going into new greener methods of synthesis. It 
is also being investigated as a possible energy vector as both a hydrogen storage chemical,36 
and direct use as a fuel in fuel cells.37 This is because NH3 has both volumetric and gravimetric 
energy densities which are comparable to fossil fuels as well as an enthalpy of combustion of 
-1267 kJ mol-1 (4.5 times higher than hydrogen).38 In addition, when compared to hydrogen 
there are several advantages, to start with, its easily stored and transported whereas 
hydrogen is known for its volumetric energy density problems needing very high pressure 
tanks to contain it. Hydrogen requires an entire infrastructure to be built around it and 
requires an entire new safety toolset with hydrogens different safety considerations 
compared to other gaseous fuels.39 Whereas, alternatively, ammonia already has a necessary 
infrastructure built around it for its wide-spread use with its well-known fertilizer capabilities.  
Solar production of ammonia would be an ideal alternative to the Haber process, with 165 
thousand terawatts of unutilised solar power hitting the earth’s surface every year, to put this 
in perspective, in 2004, the world only consumed 14.5 terawatts of power.40 This leaves a 
massive opportunity for solar ammonia production whether its photovoltaics to power 
conventional or unconventional methods, or the use of photoactive semiconductor materials 
to produce ammonia photocatalytically or photoelectrochemically. Either of these synthesis 
strategies would enable on-site ammonia production at any location for direct use as a fuel, 
a hydrogen storage medium, direct use in a fuel cell or any of ammonia’s many applications. 
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1.5. Main Objectives 
The main objectives of this project were to investigate semiconductor materials for the 
photocatalytic and photoelectrochemical production of solar fuels, with a focus on ammonia 
production by either nitrogen or nitrate reduction. Upon, discovering semiconductors for 
solar fuel production, develop new and novel synthesis strategies for these semiconductors 
that are specifically active for photocatalytic ammonia production. After photocatalytic 
studies, investigate the development of a photoelectrochemical cell with the aims of 
eventually producing a tandem photoelectrochemical cell with suitable photoelectrodes for 
photoelectrochemical nitrogen or nitrate reduction, coupled with a suitable photoanode for 
the water oxidation reaction or another counter oxidation reaction. 
Studies were conducted under the following areas in order to achieve the project’s main 
objectives: 
(1) Investigate a range of photoactive semiconductor materials for their solar fuel 
production capabilities, with a focus on photocatalytic ammonia production. 
(2) Develop novel synthesis strategies towards synthesising both powdered 
photocatalysts and photoelectrodes of these active semiconductors for the ammonia 
production reaction. 
(3) Develop photocathodic photoelectrodes for a single junction PEC cell to drive 
photoelectrochemical ammonia production. 
(4) Construction of a tandem cell with a suitable photoanode to drive 
photoelectrochemical ammonia production. 
(5) Analyse the kinetics of the photoelectrochemical reaction, and investigate and 
postulate possible ammonia production mechanisms. 
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2.1. Theory 
2.1.1. Band Gap Theory 
Photoelectrochemistry and photocatalysis use materials known as semiconductors, which 
absorb visible light to excite electrons which can be used for generating electrical energy or 
take part in chemical reactions. For these materials to achieve this, they require an energy 
gap between that material’s valence and conduction bands. A band can be defined as an 
allowed energy level for which an electron can possess. The valence band can be described 
as the highest occupied band of valence electrons whereas; the conduction band is the lowest 
unoccupied band. The band gap therefore is the minimum energy required for an electron to 
be promoted from the valence band to the conduction band. In metals there is no band gap 
and the conduction and valence bands overlap allowing a fraction of the valence electrons to 
move freely in the conduction band allowing conduction to occur. Insulators on the other 
hand have large band gaps greater than 5 eV, which means it is very difficult for these 
materials to conduct, which accounts for most solids. While, semiconductors that have a band 
gap between approximately 0.5-3.5 eV which allows for electrons to be excited with sufficient 
kinetic energy across the energy gap into the conduction band, even with just light energy 
with what is known as the photovoltaic effect. 41  
Figure 2-1: Diagram of energy bands and their band gaps (Eg) for different materials: metals 
(a), semiconductors (b) and insulators (c). 
 
11  
 
The conduction band and valence bands are often simplified to enable concepts to be 
explained (see figure 2-1 above) whereas in fact, the crystal lattice repeating causes complex 
and 3-D band structures. The energies of these bands are calculated in ‘momentum space’ or 
what’s also known as ‘k-space.’ This can be defined as an abstract space which can be 
correlated to real, or positional space. Then by utilizing the wavevector k we can calculate a 
and present energies of different bands. There are two different types of band gap known as 
a direct band gap and an indirect bandgap (see figure 2-2 below), to distinguish between these 
two we must look at the values of the wave vector of both the conduction band minimum 
and the valence band maximum. . A direct band gap will have the minimum conduction band 
energy and maximum valence band energy at the same wave vector value k. On the other 
hand, an in-direct band gap will have the minimum conduction band energy and maximum 
valence band energy at different values of k. So if a photon with the same energy as the band 
gap struck a semiconductor with an in-direct band gap, it no longer holds sufficient energy to 
excite an electron to the conduction band as it needs both a change in momentum from 
crystal lattice vibrations, as well as a needed increase in energy.42 
Figure 2-2: Representations of the (a) direct band gap and (b) indirect band gap, with energy 
plotted vs wave vector or crystal momentum of electrons. Reproduced from reference.42  
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2.1.2. Light Absorption 
The photovoltaic effect mentioned briefly in the previous section, is similar to the 
photoelectric effect, in that in both cases a photon of light of a particular energy is absorbed 
onto a surface causing an excitation of an electron or charge carrier to a higher energy state 
(see equation 2-1). But with the photoelectric effect the electrons that are excited to a higher 
energy state tend to be ejected out of the material, whereas the photovoltaic effect the 
electron or excited charge carrier remains within the material. This separation of charge 
causes an electric potential to form within the material, these charge carriers can now be 
extracted for chemical reactions or as electrical energy or recombined generating heat.  
𝐸 =  
ℎ𝑐
𝜆
    (2-1) 
Where h is Planck’s constant, c is the speed of light in a vacuum and λ is the wavelength of 
the photon, all calculating the energy of the photon, E. 
Investigating the wavelengths of light that are absorbed by a semiconductor is an important 
concept when determining the optical band gap of a material. By UV-Vis spectroscopy 
(described later) we can measure how well a particular material absorbs of light over a range 
of wavelengths of light. The data obtained can then be used to calculate the optical band gap 
(Eg) from equation (2-2), by plotting (αhv)2 versus hv and extrapolating the linear section of 
the graph to the x axis intercept producing the optical band gap in eV. 
(𝛼ℎ𝑣) = 𝐴(ℎ𝑣 − 𝐸𝑔)
𝑛    (2-2) 
Where α is the absorption coefficient dependent on sample thickness, transmission and 
reflection, hv is the photon energy n is equal to 1/2 or 2 depending on whether it is a direct 
or in-direct transition. 
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2.1.3. Semiconductor Theory 
Semiconductors can be split into two main categories: intrinsic and extrinsic semiconductors. 
The Fermi level (Ef) is an important concept when it comes to explaining the different types 
of semiconductors, it can be defined as the theoretical energy level where the probability of 
it being occupied by an electron is 0.5. An Intrinsic semiconductor is a perfect crystal with no 
defects or impurities’ meaning the Fermi level is exactly half way between the valence and 
conduction band. However, extrinsic semiconductors are where defects or impurities are 
introduced into an intrinsic semiconductor in a process called doping. This changes the 
distribution of energy levels and form localized energy levels in-between the valence and 
conduction bands. There are two main types of extrinsic semiconductors: p-type and n-type. 
With n-type, a semiconductor is doped with an impurity that has a higher number of valence 
electrons and therefore increases the ratio of electrons to holes and the Fermi level is closer 
to the conduction band. Whereas with p-type, a semiconductor is doped with an impurity 
with a lower number of valence electrons and so increases the density of positive charge 
(positive holes) relative to negative and the Fermi level is closer to the valence band.41 
Figure 2-3: Diagram of energy bands of different semiconductors and their Fermi levels: 
Intrinsic semiconductor (a), n-type semiconductor (b) and p-type semiconductor (c). 
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For a semiconductor at absolute zero temperature it would be impossible for the 
semiconductor to conduct electricity as no electrons would have the energy to be promoted 
to the conduction band. However, if the temperature is raised instead it causes some 
electrons with sufficient energy greater or equal to the band gap to “jump” across the band 
gap. This creates positive vacancies in the valence band, known as holes, where the electrons 
used to be positioned. Other electrons in the valence band can move to fill this vacancy but 
in doing so leave a positive charge in their previous position therefore transferring the positive 
charge in a direction. The Electron that was promoted or “jumped” into the conduction band 
would also move but in an equal and opposite direction to the positive vacancies in the 
valence band, creating the so-called electron-hole pair. It is also possible for electrons to get 
excited and promoted to the conduction band via illumination, providing the light energy 
shone on the semiconductor is greater or equal to that of the band gap.41 Once you have an 
electron-hole pair, separated spatially, a potential difference can then be used to drive 
electrons around a circuit and hence do work to produce electricity or separated for use in 
chemical reactions. 
Figure 2-4: Diagram of energy bands and the electron hole pair theory: the creation of the 
electron hole pair (a), movement of holes and electrons (b-c). 
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2.1.4. Semiconductor as a Photoelectrode 
 
 
 
 
 
 
 
 
Figure 2-5: The nitrogen cycle (a) and energy band diagram showing requirements for 
semiconductor electrodes (b). (a) reproduced from reference.43 
A requirement for the photoelectrode semiconductor material used is that the band gap 
needs to be at least 1.40 eV for nitrate reduction in water, at least 1.32 eV for nitrogen fixation 
or at least 1.23 eV for water reduction. The reduction potentials for nitrate reduction and 
nitrogen fixation are situated at -0.166 eV vs NHE and -0.092 eV vs NHE respectively, with 
water oxidation potential situated at 1.23 eV vs NHE. In addition to the band gap requirement, 
there is also a band edge requirement for the conduction and valence band edges to be 
situated such that these reduction potentials are within its band gap ideally. However, it is 
still possible to utilise materials with band edges that are located near to the reduction 
potentials via using a bias potential to drive the reaction. In a typical PEC cell configuration 
that will be used in this research the following half-cell reactions would occur: 
Cathodic reaction: 
1
2
𝑁2 + 3𝐻2𝑂 + 3𝑒
− → 𝑁𝐻3 + 3𝑂𝐻
− (2-3) 
Anodic reaction:   4𝑂𝐻− → 2𝐻2𝑂 + 𝑂2 + 4𝑒
−  (2-4) 
(a) (b) 
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2.1.5. Semiconductor-Electrolyte Interface 
The photoelectrochemical performance of photoelectrodes is determined by three electrode 
measurements with a working photoelectrode, a counter electrode and a reference electrode 
(Ag/AgCl reference in this research). When the photoelectrode is exposed to the aqueous 
electrolyte a semiconductor-electrolyte interface forms, affecting the band energetics at this 
interface. Initially, current flows across the interface until an equilibrium is reached, this is 
where the redox potential of solution and potential of semiconductor, determined by the 
Fermi level are equal. The charge can then move between the semiconductor and electrolyte 
through the interface, however excess charge can be held in what’s known as the space 
charge region or layer within the semiconductor, creating an electric field. Meanwhile, on the 
electrolyte side an electrolytic double layer is formed known as the diffuse double layer. The 
inner Helmholtz layer and outer Helmholtz layer are found within this double layer, the inner 
layer consists of adsorbed species on the surface of the charged electrode. The outer layer 
consists of the closest distance at which ions can approach the surface of the electrode due 
to the solvation spheres around the ions. The space charge region and electrode/electrolyte 
interface double layer, act in a similar manner to a capacitor, with the accumulation of 
charges on the surface.11,44 
Band bending occurs close to the interface or junction when excess charge builds up and 
disrupts the equilibrium at the interface. By applying a voltage, we can affect this electrode-
electrolyte interface leading to what is known as the flat band potential. The flat band 
potential is the potential applied where the Fermi level of the semiconductor is equal to that 
of the potential being applied and therefore no band bending occurs, as the equilibrium is 
formed. However, if band bending is occurring and the equilibrium is disrupted, accumulation 
and depletion regions near the interface in contact with the electrolyte are formed which vary 
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dependent on the p-type/n-type behaviour of the semiconductor and the applied potential 
(see figure 2-6).11,44 
 For an n-type photoelectrode at open circuit the Fermi level is usually higher than the redox 
potential of the electrolyte. This leads to electrons being transferred from electrode into 
solution, giving the space charge region a positive charge and upward bending of the band 
edges is observed. This layer of upward bending and removal of electrons is known as a 
depletion region. For a p-type semiconductor the Fermi level is usually lower than the redox 
potential, this causes electrons from solution to be transferred to the electrode, to restore 
equilibrium. Hence, a negative charge is seen the space charge region causing a downward 
bend of the band edges, due to holes being removed into solution, this is still known as a 
depletion region.11,44 
When an external potential is applied however, this affects the Fermi level, but the valence 
and covalent band energies remain the same. Therefore, when an applied potential is higher 
than that of the flatband potential for an n-type photoelectrode the depletion region remains, 
and the band edges still bend upwards. However, if the same is done to a p-type 
photoelectrode the band bending has switched from downwards to upwards, leading to the 
formation of an accumulation region. For an n-type photoelectrode an applied potential 
lower than that of the flatband potential needs to be applied for the accumulation region to 
appear and band bending switches from upwards to downwards. While if the same was 
applied to p-type photoelectrodes a depletion region would remain and band bending would 
remain downwards.11,44 Ideally for photoelectrochemical reactions an accumulation region 
being present allows for an excess of charge carriers to be available for  the respective 
reaction at the photoelectrode/electrolyte interface. 
18  
 
Figure 2-6: Semiconductor electrolyte interface before (left) and after (right) for (a) n-type and 
(b) p-type semiconductors. Reproduced from reference.44 
2.1.6. Recombination and Competing Reactions 
In an ideal world, a semiconductor acting as a photoelectrode, previously described, would 
be 100% efficient with each photon of light hitting the electrode promoting a single electron 
which is then used in the production of a fuel however; there are many processes that can 
hinder this efficiency. This therefore creates problems which is the ever-growing energy 
dependent world is ever striving to overcome. There are many factors which affect this 
efficiency adversely; the main causes can be attributed to various processes such as 
recombination, reflection and alternate reactions, in addition to material limitations. 
Recombination can be defined as a process via which the electrons or holes are lost by means 
of a mechanism; there are two types of recombination, avoidable and unavoidable. An 
example of an unavoidable mechanism could be due to the electron hole pair interacting with 
another energy carrier, for instance another electron, resulting in the loss of kinetic energy 
and so the electron relaxes and moves back to the valence band and so recombining with the 
hole. Whereas an example of an avoidable recombination would be due to impurities in a 
semiconductor providing trap states in the band gap so when an electron loses kinetic energy 
(a) 
(b) 
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it can travel via these trap states to the valence band and recombine. This can be avoided via 
the production method of the semiconductor. Reflection can also occur where instead of 
photons being absorbed by the semiconductor to promote electrons across the band gap they 
are instead reflected away, therefore reducing efficiency. 41 
Alternate reactions could occur in the PEC cell depending on the electrolyte and band gap of 
the semiconductor. This problem is even more relevant when it comes to 
photoelectrochemical ammonia production due to the redox potential of water reduction to 
hydrogen is so close to that of nitrogen, nitrate and nitrite reduction potentials. This leads 
onto surface modifications of the semiconductors to suppress the hydrogen evolution 
reaction (HER) and promote ammonia production instead.45 Depending on the band gap of 
the photoelectrode in use, it’s not only the alternate reactions that need to be considered but 
also the range of light that can be absorbed as different band gaps tend to adsorb certain 
wavelengths of light more strongly (over 3.0 eV ~ UV, under 3.0 eV ~ visible). 
2.1.7. Electrochemical Impedance Theory 
Electrochemical Impedance Spectroscopy is an important technique in photoelectrochemical 
and photocatalytic systems with the ability to study catalytic reaction kinetics and charge 
transfer characteristics of a material. To understand impedance, first we need to compare it 
to resistance, where resistance is defined as the ability of circuit element to resist the flow of 
electrical current and follows Ohm’s law (see equation 2-5). Resistance however is limited by 
several properties; it follows Ohm’s law at all voltage/current levels, its independent of 
frequency and AC current/voltage signals through a resistor are in phase with each other. 
Impedance, on the other hand, replaces resistance as a more general term across an entire 
circuit and is not limited by the properties mentioned above. Impedance is defined ‘as a 
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measure of the ability of a circuit to resist the flow of electrical current.’ Measurements of 
impedance are normally conducted utilising an AC potential in an electrochemical cell, then 
measuring the AC current signal produced. It also assumes that an AC current is being utilised 
with a specific frequency in Hertz (see equation 2-6). 
𝑅 =  
𝑉
𝐼
     (2-5) 
𝑍𝜔 = 
𝑉𝜔
𝐼𝜔
     (2-6) 
Where R is resistance, V is voltage, I is current, Z is impedance and ω is the angular frequency 
from the AC perturbation. Due to the sinusoidal nature of the AC applied potential, phase 
shifts and magnitude adjustments make the impedance measurements become complex. 
Leading to voltage and current equations changing (see equation 2-7 to 2-9) and therefore 
changes the impedance equation (see equation 2-10). 
𝑉𝑡 = 𝑉0sin (𝜔𝑡)     (2-7) 
𝜔 = 2𝜋𝑓      (2-8) 
𝐼𝑡 =  𝐼0 𝑠𝑖𝑛(𝜔𝑡 + 𝜙)     (2-9) 
𝑍 =  
𝑉𝑡
𝐼𝑡
= 
𝑉0sin (𝜔𝑡)
𝐼0 sin(𝜔𝑡+ 𝜙)
= 𝑍0
sin (𝜔𝑡)
sin(𝜔𝑡+ 𝜙)
  (2-10) 
Where Vt is the potential at time t, V0 is the amplitude of the signal and ω is the angular 
frequency (see equation 2-8) measured by frequency (f) and 2π. Meanwhile for the response 
signal in current is shifted in phase (φ) and has a different amplitude (I0).  
Then with Euler’s relationship (see equation 2-11), it’s possible to express impedance as a 
complex function with φ as a real number and j as an imaginary (j= √-1) (see equation 2-12 to 
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2-14). This can then be plotted several ways, such as Bode and Nyquist plots and modelled to 
represent a circuit (see figure 2-7). With photoelectrochemistry, the Randles simplified cell is 
often utilised with a capacitor to relate to the double layer capacitance (CDL) and two resistors, 
one in parallel showing charge transfer resistance (Rct) and one in series showing solution 
resistance (Rs). From a Nyquist plot the rate constants for both recombination and charge 
transfer can be obtained from the semi-circle maxima and x-axis intercepts.46,47 
exp(𝑗𝜙) = 𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙     (2-11) 
𝑉𝑡 = 𝑉0exp (𝑗𝜔𝑡)      (2-12) 
𝐼𝑡 = 𝐼0 exp (𝑗𝜔𝑡 −  𝜙)     (2-13) 
𝑍(𝜔) =  
𝑉
𝐼
= 𝑍0 exp( 𝑗𝜙) =  𝑍0(𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙)  (2-14) 
Figure 2-7: (a) A simplified Randles circuit where Cdl is double layer capacitance, Rs is solution 
resistance and Rct is charge transfer resistance, (b) a typical Nyquist plot with real impedance 
(ReZ) vs imaginary impedance (ImZ) and (c) Representation of Bode plots. Reproduced from 
reference.47 
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2.2. Photocatalytic Nitrogen Reduction 
Photocatalytic Nitrogen reduction is an attractive prospect of being able to effectively 
break the strong nitrogen NΞN triple, which would usually require harsh conditions to break 
with a bond energy of 945 kJmol-1, at ambient temperature and pressure.18 The seminal work 
by Fujishima and Honda in 1972 laid the groundwork for research in photocatalysis and 
photoelectrochemistry to flourish into a vast over the past 47 years, although, there were 
hints of solar driven nitrogen reduction made by a prominent soil scientist (N. Dhar) in the 
1940s.48,49 However, it wasn’t until later in 1977 when Schrauzer and Guth followed up on 
both Fujishima and Honda, and Dhar’s work to prove this possibility by innovatively using TiO2 
for the photocatalytic nitrogen reduction for the first time.32 In this study, they utilised TiO2 
as a photocatalyst and attempted to improve its photocatalytic activity by doping it with 
various transition metals with molybdenum, cobalt and iron showing the highest activity 
towards ammonia yields. Their early reactions were conducted in as gas phase heterogeneous 
photocatalysis, but they noticed the dependence of this reaction on the presence of 
chemisorbed water or possible surface Ti-OH groups as seen in equation 2-15 below. This led 
onto research in both photocatalytic and photoelectrochemical ammonia production, 
however surprisingly there are very few reports on photoelectrochemical ammonia 
production even though the working principles between them is similar. For a full comparison 
of photocatalytic nitrogen reduction published works please see appendix table 1.  
𝑁2 + 3𝐻2𝑂 +𝑚ℎ𝑣 →  2𝑁𝐻3 + 1.5𝑂2  (2-15) 
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2.2.1. Early Years 
After this initial rediscovery, the field exploded into a number of publications between the 
late 1970s and early 1990s, with some publications sticking to the heterogeneous gas phase 
photocatalytic nitrogen reduction roots.50–55 These gas-phase reactions then utilised wet 
nitrogen gas flows by bubbling N2 gas through a water solution before reaching the catalyst 
reaction chamber. Schrauzer followed up his own work and Dhar’s work from 1940, in 1983,56 
by investigating a series of sands, primarily around the California area, with some from well-
known global locations for photocatalytic ammonia production. They identified both the 
minerals present and the wt% of both Fe and Ti elements in the sands before studying these 
for photocatalytic ammonia synthesis over a period of several hours to several days. Although 
only nmole amounts of NH3 were observed with their samples, they showed how this could 
be scaled up with 1-10 kg of NH3 being produced per acre of desert sand. In addition, a general 
correlation between higher titanium ratio and ammonia generation was observed (see figure 
2-8). Khan et al,57,58 also investigated Ti3+ ions exchanged on calcium, sodium and potassium 
zeolite structures with early indications that Ti3+  was more active for ammonia production 
than the more stable Ti4+ ions in conventional TiO2. In connection with this observation of Ti3+ 
they noticed that the catalysts deactivated over time due to what they state as reduction in 
the concentration of Ti3+ ions, therefore once recycled they saw yields increase again. 
Interestingly, some of the recycled catalysts performed better than the original non-recycled 
zeolite catalysts, however after roughly 3 recycles the mass loss of the zeolite was too great 
(>50%) and yields continued to decrease. Concurrently, most of the other gas phase 
heterogeneous photocatalytic reactions reported utilised Fe-TiO2,50–54 Fe2O3-TiO2,55 and Cr-
TiO2,53 photocatalysts at various temperatures from 30-85oC and pressures to produce 
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ammonia, the ammonia gas is then trapped using an acid trap and analysed for ammonium 
concentration. 
 
Figure 2-8: Plot revealing the relationship of NH3 yields vs Ti/Fe wt ratio of various desert 
sand samples. Reproduced from reference.56 
Meanwhile others, with water being observed as a key factor for nitrogen photoreduction, 
moved swiftly onto illumination of water dispersed photocatalysts.59,60,69–71,61–68 Most of this 
published work focussed on TiO2 as its photocatalyst of choice, varying dopants. However a 
few expanded the known photocatalysts to be known to this reaction, Miyama et al,59 
revealed the activities over several new semiconductors including ZnO, CdS, SrTiO3 and GaP. 
Cadmium Sulphide and Gallium Phosphide especially revealed better activity for ammonia 
production when compared with their TiO2 catalyst under the same conditions. Platinum 
doping showed an increase in catalyst activity across all the photocatalysts other than ZnO. In 
another study various metal oxide mixtures were developed by utilising SrTiO3 and BaTiO3 
mixed with RuO2 and NiO, with a full mixture (RuO2-NiO-SrTiO3) revealing the highest yields.60 
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Endoh et al,63 investigated WO3 doped with Pt and mixed with RuO2 with varying success, 
RuO2-Pt-WO3 showed the best catalytic activity however virtually no photocatalytic activity 
while bare WO3 showed the best photoactivity. Tennakone et al, over various reports,65–
67,70,72,73,74 went a step further in synthesising metal oxide/hydroxide mixed catalysts varying 
from hydrous TiO2/Fe2O3,66 and Cu2O,67 catalysts to hydrous samarium and europium oxide 
catalysts.70,74 Although these catalysts appear to show a higher activity compared to others 
reported during this time, their catalyst weight cannot be reported due to the catalysts 
denaturing upon drying. This therefore, makes it difficult to compare to other published works 
of the time (see appendix table 1 no.’s 44-46, 53, 55-57, 60). 
Alternatively, using recyclable aminopolycarboxylate complexes to facilitate N2 adsorption 
and weakening of that strong NΞN triple bond in conjunction with photocatalysts was 
investigated over a number of reports from 1988 to 1994.75–81 By coordinating N2 into vast 
complexes they found the triple bond weakened and was easier to break, leading to much 
higher yields of ammonia, even up to mmole amounts when all previous reports had been 
μmole or nmole in amounts of NH3 synthesised. For example, when Pt-CdS-RuO2 was 
investigated with Ru(EDTA) yields were observed up to 6.7 mmolhr-1.80 However, these Ru 
complexes were expensive and some exhibited poor stability with some showing no activity 
after just 2 hours.79 
A breakthrough appeared to happen in 1991 when it was observed that N2 could be effectively 
reduced over Fe3O4 particles in a ferrofluid obtaining a turnover rate of up to 30 mmole of 
NH3 per gram of catalyst per hour.82 Although this turnover rate was inflated due to the very 
low amount of catalyst used (1 mg), it still showed great promise with no observable 
photocatalyst deactivation over the 5 hours of irradiation (see figure 2-9). Unfortunately, this 
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publication became the topic of debate after a publication by Boucher et al in mid-90s.83 In 
this study they punitively critiqued this publication, after several repeats of this previous work 
they did not see a steady increase in ammonia yield, instead only saw random variations in 
yield. Edwards and Boucher et al,84,85 are known critics of this field with 2 further publications 
discussing most work before the 90s from a sceptical viewpoint and have even repeated the 
work of more previous reports over various semiconductors both doped and undoped: TiO2, 
Fe2O3, NiO, Al2O3 and SiO (Al2O3 and SiO have previous been used as supports). In this work 
they failed to see any concentrations of ammonia under a variety of conditions and suggest 
that many previous reports are measured close to and below known limits of detection, as 
well as many known natural contamination sources. Although, they appear sceptical of the 
fields previous publications they do indicate support for research towards photocatalytic 
nitrogen reduction with the following quote: “Any demonstration of this remarkable reported 
process needs to be based on standards as rigorous as those applied in studies of biological 
fixation of nitrogen. If the claimed successes are due to a misinterpretation of results this 
needs to be widely understood so that a further waste of effort in pursuit of such a noble but 
hopeless goal can be prevented.”85 
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Figure 2-9: Plot of concentration of ammonia (μmole) with respect to irradiation time (hr) of 
nitrogen and water in the presence of Fe3O4 ferrofluid. Reproduced from reference.82 
2.2.2. Recent Years 
Since the few papers by Boucher et al,83–85 critiquing various papers in the field, there was 
fewer papers published between the mid-90s to early 2000s seemingly as a result of this 
scepticism.86–92 However, hole scavengers begun to be used through this time to remove the 
h+ produced from the formation of e—-h+ pairs, thus allowing more electrons to be utilised in 
ammonia formation reaction, which normally requires the injection of six electrons to 
photocatalytically reduce N2 to NH3 (see equation 2-16). Without a hole scavenger present 
many of these electron hole pairs can be subject to recombination or be utilised in other 
competing reactions. Rusina et al,88,93,94 showed that by utilising ethanol as a hole scavenger 
they were effectively able to reduce N2 to NH3 over Fe2Ti2O7 thin films, and later from the 
same research group Linnik et al,90 showed a combination of humic acid and ethanol can be 
used as hole scavengers to produce NH3 with Ru-TiO2. A suggested mechanism for nitrogen 
fixation over Fe2Ti2O7 was suggested showing possible intermediates and roles of hole 
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scavengers to produce a current doubling effect (See Scheme 2-1).95 The current doubling 
effect is where via the reaction of hole with hole scavenger, in this case ethanol, it produces 
a 2nd electron from the one electron hole pair promoted from photon hitting the 
semiconductor, to be used in the nitrogen fixation reaction. 
𝑁2 + 6𝐻2𝑂 + 6𝑒
− → 2𝑁𝐻3 + 6𝑂𝐻
−  (2-16) 
Scheme 2-1: Proposed mechanism of dinitrogen fixation over Fe2Ti2O7 thin films. Reproduced 
from reference.95 
There has been a revitalization of research in this field, as over 60 fresh publications since 
2013, which vastly outnumbers the amount of publications per year previously published. A 
variety of new materials made via various techniques have been studied for nitrogen 
photoreduction: Bismuth oxy-halides,96–103 g-C3N4,104,105,114–123,106,124,125,107–113 diamond,126 
metal sulphides,107,125,127–131 MoFe complexes,132–135 Bismuth oxides,135–142 nitrides,143 
Layered Double Hydroxides,144 and some other metal oxides.113–115,117,145–147 These 
publications reveal new ideas and understanding of the nitrogen fixation mechanism, new 
synthesis methods, innovative material treatment methods and multiple morphologies 
explored.  
One commonly observed technique in the past few years is introducing vacancies or defects 
into the crystal structure. This normally involves altering synthesis technique to produce 
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photocatalysts with certain atoms missing from a one or more of the lattice sites in the crystal 
structure. For example, publications have utilised Oxygen Vacancies,96,99,102,139,148,149 Nitrogen 
vacancies,104,118,119 Sulphur Vacancies,127,128 and Carbon vacancies,122 all to positive effect on 
photocatalytic activity for nitrogen reduction. Li et al,96 introduced oxygen vacancies into 
BiOBr via an oxygen deficient autoclave synthesis and effectively showed why introducing 
oxygen vacancies (OVs) improved nitrogen photofixation ability of the photocatalyst. The 
inherent electron-donating nature of BiOBr in conjunction with the catalytically active centres 
created by the OVs help to activate and substantially promote the interfacial electron charge 
transfer from excited BiOBr catalysts to surface adsorbed N2 molecules (see figure 2-10). Dong 
et al,104 investigated g-C3N4 catalysts with and without nitrogen vacancies (NVs), before any 
vacancies are introduced they observe virtually no photocatalytic activity. However, after NVs 
are introduced not only observe activity for photocatalytic N2 reduction but a relatively similar 
activity while in an Air atmosphere as well, effectively removing the need for degassing. 
Unfortunately, Pd doping decreased activity of the photocatalyst, they theorised this was due 
to it passivating the surface to N2 reduction and saw improvements in yields for competing 
reactions. Sulphur vacancies (SVs) were investigated by the same research group,127,128 over 
metal doping of various ternary metal sulphides, initially the observed an increase in yields 
with various metal dopants. However, there was no observable trend to the increases in 
activity with comparison to dopant or dopant concentration. Instead, they noticed that the 
only positive effect these metal dopants were having was to increase the number of SVs 
present on the surface, therefore showed a near linear relationship between nitrogen photo 
fixation ability and the number of SVs. Meanwhile, Cao et al,122 was able to effectively 
introduce carbon vacancies (CVs) to g-C3N4 by sulphur doping without markedly changing the 
chemical structure. CVs were shown to improve both N2 adsorption and activation. 
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Figure 2-10: Schematic illustration of the interfacial electron charge transfer process induced 
by surface OVs. Step 1 and 2 reveal the excited electrons from the CB of BiOBr being trapped 
in the OVs induced states, effectively suppressing the recombination of the electron hole pair. 
Step 3 shows the indirect recombination of trapped electrons with their respective holes is also 
suppressed and the electrons can be transferred to the antibonding orbitals of N2. Reproduced 
from reference.96 
Additionally, a common reoccurrence in present literature is the various morphologies of 
photocatalysts being developed including Nanosheets (NS),102,122,142,144 Nanotubes (NT),100,150 
and Nanowires (NW),147 as well as quantum dots (QD) gaining growing interest,138 all with 
various benefits. Zhao et al,144 investigated various layered double hydroxides (LDH) for 
photocatalytic nitrogen reduction and compared both bulk photocatalyst versus the NS 
morphology. Their LDH consisted of various M2+ and M3+ hydroxides combined, with the most 
effective in their study being the CuCr LDH NS by some margin. By investigating the 
photoelectrochemical properties of their CuCr NS compared to bulk they observed higher 
current density and charge transfer efficiency (See figure 2-11). With the NS morphology 
effectively improving both surface area and photocatalytic activity as well. Nanotubes were 
also found to improve surface area and electronic properties of photocatalysts.150 In this study 
they not only investigated NTs versus NS but also looked at an interesting crystal phase of 
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TiO2, instead of the usual rutile, brookite or anatase, they investigated a bronze polymorph ( 
(B)-TiO2) which is a less compact form of TiO2 with a higher unit cell volume. Originally 
discovered in 1980,151 but has gained attention in photocatalytic community recently. 
Utilising this (B)-TiO2 they were able to show that NT had much better charge transfer 
properties as well as a higher surface area and therefore catalytic activity when compared to 
NS. Zhang et al,147 utilised nanowires of Mo doped W18O49 photocatalysts in a similar manner 
improving surface area, although the main focus of the paper was to reduce active centre 
competition for N2 molecules via doping this particular morphology with sparsely located Mo 
atoms. Photocatalytic nitrogen reduction over BiO quantum dots was examined, which 
showed drastic increases in yield when compared to conventional Fe-TiO2 photocatalysts.138 
The improved performance was suggested to be due to the synergy between three low 
valence surface species on the Bi2+ for N2 activation. Lastly, they observed improved yields at 
lower pH suggesting that the lower the pH reduces the kinetic barrier to overcome for N2 
reduction. 
Figure 2-11: (D) EIS Nyquist plot and (F) photocurrent vs time response of photocatalyst CuCr NS vs 
CuCr bulk photocatalysts. Reproduced from reference.144 
Both varying material synthesis technique and pre-treatment techniques have been shown to 
drastically improve photocatalytic activity. For example, some publications conducted acid or 
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base pre-treatment,108,119 hydrogen pre-treatment,101,105,135,136 microwave synthesis,106,110 
and deep eutectic solvent synthesis.124 HCl treatment of g-C3N4 was found to not change the 
crystal structure but did change both the morphology and optical properties due to a smaller 
particle size, therefore higher surface area, and an increased band gap.108 This treatment also 
introduced nitrogen vacancies with the improved features discussed before such as improved 
N2 adsorption, activation and improved charge transfer. There was a common consensus that 
hydrogen treatment tended to introduce vacancies into photocatalysts while also improving 
electronic properties.135,136 Microwave synthesis technique has been widely used across many 
applications, for photocatalysis though it has been shown to increase surface area of 
photocatalysts by the introduction of irregular pores, which also aids in the electron-hole 
separation rate, more even dopant distribution and can introduce vacancies.106,110,152 Mou et 
al,124 developed a scalable, one step eutectic solvent assisted synthesis of Metal oxide (MO) 
and g-C3N4 mixture containing the corresponding M-Cl salt with the correct ratio of urea and 
melamine for a certain wt%. A deep eutectic solvent, as used here, is a homogenous mixture 
of substances which if mixed at a specific ratio will melt at a single temperature which may 
be lower than melting point of some of the constituents in the mixture, at what is called the 
eutectic temperature. This synthesis procedure allowed them to uniformly distribute various 
metal oxides over g-C3N4 NS leading to a very high yield of ammonia and photocatalytic 
activity. 
In the last couple of years, several researchers have begun looking into hybrid photocatalysts 
where the combination of their conduction and valence bands creates a more favourable 
scenario for N2 photofixation and reduction in what is known as a Z-scheme 
heterojunction.112–115,119 Cao et al,114 deftly explain the mechanism behind their hybrid 
Ga2O3/g-C3N4 photocatalyst functionalized with dihydroxybenzaldhyde (DBD) acts as a Z-
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scheme heterojunction in the presence of a hole scavenger, methanol, for N2 photofixation 
(See Scheme 2-2). Initially photogenerated electrons in Ga2O3 conduction band (CB) can be 
transferred to the valence band (VB) of g-C3N4 via the electron mediator DBD (and thus 
excited to CB of g-C3N4). Overall leaving an electron in the CB of g-C3N4 and a hole in the VB 
of Ga2O3, which this effect separation enhances the redox ability of these charge carriers. The 
electron and hole can then react with O2 and H2O respectively creating hydroxyl radicals, 
these hydroxyl radicals can then be oxidized/radicalized into the CO2- radical by O2 in the air 
atmosphere. This CO2- radical species facilitates NH3 production as shown by recent studies 
showing the importance of carbon and carbonaceous species on nitrogen 
photoreduction.125,153,154 All in all, a Z-scheme heterojunction allows for the use of two 
semiconductors with band edges that individually aren’t aligned with both reduction and 
oxidation reactions, but separately, one aligns with the oxidation reaction and the other with 
the reduction reaction. This allows them together, combined with an electron mediator to be 
more effective for nitrogen photofixation and act as light absorbers and provide more 
efficient routes to electron hole separation. 
Scheme 2-2: Photocatalytic nitrogen fixation mechanism over Z-scheme Ga2O3-
Dihydroxybenzaldehyde(DBD)/g-C3N4.. Reproduced from reference. 114 
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2.2.3. Prospects 
Although over the course of the past 42 years this field has grown from a field that’s results 
were disputed into a much more respected and understood field over the last few years, it 
still has a long way to go to become close to either commercialisation or industrialisation. 
Recent years have exposed areas yet to be understood, with dopants not necessarily 
improving catalytic activity on their own, but instead by introducing defects, and the role of 
adventitious carbon in this whole process is also only just starting to be understood. For this 
field to continue to grow with improved yields and catalyst activities, a focus on the roles of 
vacancies, dopants, synthesis methods and pre-treatments needs to be better understood by 
both computational and experimental methods. If the controversy of the early years of 
research show us anything is that rigorous testing is needed to truly prove the breakthroughs 
reported are being made. 
2.3. Photocatalytic NOx reduction 
 Nitrate and Nitrite are well-known pollutants of the nitrogen cycle, that due to 
industrialization and use of fertilizers have become bigger problems when dealing with 
wastewaters, especially due to their toxic nature. Nitrate ions (NO3-) and nitrite ions (NO2-) 
have been shown to cause a condition known as methemoglobinemia or ‘blue baby syndrome’ 
in infant children and can act as a possible carcinogen.155,156 Therefore their removal has been 
strongly investigated. However, there is a key conflict of interest between the majority papers 
looking solely at the denitrification of the wastewater, converting NO3- and NO2- into N2 gas, 
and the fewer papers investigating the harder reaction in converting NOx’s into a useful 
product such as NH3 or NH4+. Although ammonia/ammonium is also toxic, it can be reused in 
fertilizer systems or even more recently as hydrogen storage and directly as a fuel in ammonia 
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fuel cells.13,37,157 Although the majority of papers in this field attempt to reduce NOx products 
into N2 as a removal process, some still report NH4+ selectivity and yields (See appendix table 
2 and 3 for full comparison) and therefore still have some comparison to those publications 
solely looking for ammonia formation. 
2.3.1. Photocatalytic Nitrate Reduction 
Photocatalytic nitrate reduction is a field very similar to nitrogen reduction where nitrate 
reduction is slightly more difficult being an 8-electron process and nitrogen reduction a 6-
electron process. However, nitrate reduction can lead to both NH3 production and N2 
production which proceed via similar reactions, with ammonia production often referred to 
as over-reduction by those aiming for N2 production. This is due to ammonia production being 
slightly harder in that it requires more electrons to reduce NO3- to NH3 than to just N2 (see 
equations 2-17 – 2-19). Initially, research progressed in a similar fashion to that of 
photocatalytic nitrogen reduction, following up on Fujishima and Honda 1972 and Schrauzer 
and Guth 1977 seminal works,32,48 early papers utilised TiO2 and SrTiO3.158–160 Although TiO2 
remained the most utilised photocatalyst in this field, as we progressed to modern day some 
others were investigated including; iron oxides,161,162 zinc oxides,161,162 metal suphides,163–165 
H4Nb6O17 nanocomposites,166,167 and tantalate semiconductors.168,169  
𝑁𝑂3
− + 9𝐻+ + 8𝑒−  →   𝑁𝐻3 + 3𝐻2𝑂   (2-17) 
𝑁𝑂3
− + 6𝐻+  + 5𝑒−   →   0.5𝑁2 + 3𝐻2𝑂   (2-18) 
4𝐻2𝑂 + 8ℎ
+   →   2𝑂2  +   8𝐻
+    (2-19) 
One of the earliest reports by Halmann et al in 1986,158 investigated both photocatalytic and 
photoelectrochemical nitrate reduction to both hydroxylamine and ammonia. By utilising TiO2 
and SrTiO3 in illuminated aqueous suspensions of 2.2M KNO3 or NaNO3 for 23-24 hours they 
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were able to observe up to 700 μM and 400 μM with TiO2 and SrTiO3 respectively. However, 
in some cases ammonia re-oxidation was observed, and the rate of ammonia production 
severely decreased after the first two hours. Kudo et al,159,160 followed up on Halmann’s initial 
work with a look at doping both TiO2 and SrTiO3 with several noble metals. Pt doped TiO2 and 
SrTiO3 showed the highest activities, although Rh and Pd showed some improvement. 
Interestingly some papers report bare TiO2 as being able to reduce nitrate while others report 
no activity for the reaction on bare TiO2. Here bare TiO2 only appears to produce NO2- 
intermediate from NO3-. Kudo et al, also investigated using methanol as a hole scavenger very 
early on in terms of research field, increasing activity by over 5-fold compared to without 
methanol. 
Ranjit et al,161–163,170–174 produced a series of papers from 1994 to 1997 on NO3 reduction over 
a variety of photocatalysts with and without dopants. They started by investigating ZnS and 
Ruthenium doped TiO2,163,170 over short illumination times and wastewater concentrations of 
NO3- (ppm), although their photocatalysts that included zinc did require sulphate or sulphite 
hole scavengers to avoid any degradation. They didn’t see any photocatalytic activity for 
nitrate reduction over bare TiO2 but obtained μmole amounts of NH3 over Ru-TiO2 and ZnS. 
They then swiftly moved onto more metal oxides and more dopants,162 looking at ZnO, α-
Fe2O3, ZrO2 and Fe3O4, with a look at rhodium and palladium doping. Yields increased with 
doping with only ZnO photocatalysts while decreased with all other photocatalysts with the 
addition of dopants, all in all α-Fe2O3 showed the highest activity of the 4 semiconductors 
studied. Finally, in the late 90s,172–174 they moved onto both noble and non-noble metal 
doping of TiO2. After investigating noble metals: Ru, Pt, Pd and Rh, and non-noble metals: Fe, 
Cr, Co and Mg, they found that Fe-TiO2 and Co-TiO2 showed the greatest improvements in 
ammonia yields. 
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Over the 2000’s the general focus in the field seemed to double down on discovering the right 
dopants to improve selectivity of the reaction. In addition, to the investigation of various hole 
scavengers; alcohols,164,175,176 Oxalic acid,177–179 sucrose/glucose,180,181 sodium oxalate,178,182 
and formic acid,169,183,184 and finding which hole scavenger is best for selectivity. Kominami et 
al,177 again investigated metal doping of TiO2 and saw that Ag-TiO2 showed the highest activity 
for ammonia, followed closely by Cu-TiO2 for photocatalytic nitrate reduction with oxalic acid. 
A common theme throughout the field is that Ag doping of TiO2 tended to increase nitrogen 
selectivity instead of ammonia selectivity.185–187 However, in the Kominami case it was the 
most active for NH3 indicating that synthesis and photocatalytic reaction parameters must 
have a drastic effect on photocatalyst activity. Kato et al,168 compared bare TiO2 to that of 
their own various tantalate photocatalysts: K3Ta3Si2O13, BaTa2O6, NaTaO3 and KTaO3 both 
with and without nickel doping. Nickel doped BaTa2O6 had the highest activity of all the 
tantalate catalysts with nickel doping improving each catalyst and an almost 8-fold increase 
when compared to bare TiO2 (see Table 2-1). 
Table 2-1: Photocatalytic nitrate reduction over various tantalate photocatalysts. Reproduced 
from reference.168  
In 2004, Gao et al,188 begun investigating bimetallic doping of photocatalysts and set in motion 
a large number of papers hence forth on bimetallic doping of catalysts also known as co-
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doping.169,175,194,176,178,181,189–193 The bimetallic doped catalysts they studied included co-
doping various metals with Copper including nickel, palladium and platinum, and testing them 
photocatalytic nitrate reduction with oxalic acid over short irradiation times. Out of all 
photocatalysts tested Ni-Cu (3:1) bimetallic doped TiO2 showed the highest activity for 
ammonia production with the least selectivity for N2 (19%) and a 14-fold increase in activity 
in comparison to just Cu-TiO2. Meanwhile, others found success in increasing nitrogen 
selectivity up to 100% with bimetallic doping.195 Yamauchi et al,175 took bimetallic doping to 
the next step, by specifically designing a CuPd nanoalloy before mixing with TiO2 and calcining 
at high temperatures. This allowed greater control over the dopant concentration and Cu:Pd 
ratio and therefore could design their catalysts for highly selective ammonia production. They 
then examined various photocatalytic reaction conditions, including introducing H2 gas, dark 
reaction, UV irradiation and higher initial concentrations of [NO3-]. They found the highest 
selectivity was when the CuPd ratio was 1:1, 5-hour illumination and a 29ppm initial 
concentration of nitrate leading to 76% conversion (357.2 μM). However, they could increase 
the overall yield to 618 μM with a higher initial concentration of nitrate, but overall a lower 
conversion percent of 26%. All in all, there was a 3-fold increase in activity when compared 
to the monometallic doped Pd-TiO2 (See figure 2-12). 
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Figure 2-12: Concentrations of NO3- (blue), NO2- (green), NH3 (red) and N2 (black) relative to 
initial 29ppm [NO3-] concentration after photocatalytic reactions with various Pd and CuPd-
TiO2 photocatalysts, (a-f) 3-hour reactions, (g) 5-hour reaction. Reproduced from reference.175 
More recently, in 2017, the first paper utilising surface defects on TiO2 like those utilised for 
photocatalytic nitrogen reduction, was investigated for photocatalytic nitrate reduction.196 
Similarly, to some nitrogen photofixation papers they found that most metal dopants ended 
up reducing the activity of their photocatalysts because it was believed that the dopants 
would begin to cover active sites for ammonia production. Supporting this, they also found 
evidence that metal dopants increased the selectivity of their catalysts for competing 
reactions like H2 production, suggesting that the defect sites are selectively active for 
ammonia generation. Then in 2018, Tong et al,169 were able to reach 100% conversion of 
nitrate with a high 72% selectivity for NH3 generation over a PdSn-NiO-NaTaO3:La hybrid 
photocatalyst in just 2 hours and a 5 mmol initial nitrate concentration. This is by far the 
fastest, most selective and active catalyst been produced to date, even with a slight inflation 
of activity due to the small amounts of catalyst used. 
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2.3.2. Photocatalytic Nitrite Reduction 
Photocatalytic nitrite reduction is a much less popular field with regards to nitrate reduction 
and is often only considered as an intermediate from nitrate reduction.197,198Likewise, it 
suffers the same selectivity issues that nitrate reduction to some extent where some papers 
focus more on producing nitrogen as a removal technique, with some even removing it back 
to a mixture of N2 and NO3-, due to its higher toxicity, via a disproportionation reaction (See 
equation 2-20).182,199,200 However, there are still a number of papers that investigate reducing 
nitrite to ammonia as a useful product via a 6 electron reduction reaction, slightly easier to 
accomplish than its nitrate counterpart, although nitrite is known for not being as stable (see 
equation 2-21).161,162,203–206,163,170–174,201,202   
5𝑁𝑂2
− + 2𝐻+   →   𝑁2 + 3𝑁𝑂3
− + 𝐻2𝑂   (2-20) 
𝑁𝑂2
− + 6𝐻2𝑂 + 6𝑒
−   →   𝑁𝐻4
+ + 8𝑂𝐻−   (2-21) 
Comparable with how the photocatalytic nitrate reduction begins, photocatalytic nitrite 
reduction begins with an early paper in 1986 by Halmann et al.201 Here they report the first 
photocatalytic nitrite reduction experiments utilising photocatalysts at temperatures 
between 30-62oC for up to 36 hours in a alkaline media (0.1 M Na2S), which possibly 
unbeknownst to them at the time also acts as a hole scavenger. To begin they investigated 
TiO2, CdS, CdS-ZnS and SrTiO3 photocatalysts under a diverse set of conditions, where they 
found their optimum conditions at a temperature of 61-62oC, an initial nitrite concentration 
of 0.12-0.13M and Ar atmosphere to remove all other nitrogen sources. Under these 
conditions the photocatalyst activity went in this order: SrTiO3>CdS-ZnS>CdS>TiO2. 
Through the 90s, into the early 2000s, Ranjit et al through the same publications as mentioned 
for nitrate reduction also looked at nitrite reduction activity with the same reaction 
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conditions.161–163,170–174,202 Therefore, they consider the same semiconductor photocatalysts 
as before: TiO2, ZnO, Ru-TiO2, ZnS, α-Fe2O3, ZrO2 and Fe3O4, with the addition of CdS due to 
following up the previous research by Halmann et al. Again, they see virtually no activity over 
commercial bare TiO2. However, in contrast to nitrate reduction, the sulphide catalysts of ZnS 
and CdS produce much higher activity for this reaction than their metal oxide counterparts 
and more than they did for nitrate reduction. Where α-Fe2O3 seemed to provide the highest 
activity for nitrate reduction, now CdS is 2 times higher in activity for this reaction. Then to 
follow up their previous CdS work, in 2003 they further investigated doping of CdS to try to 
improve yields with Ir, Rh and Ru with activity as follows: Ru>Rh>Ir>>Pt.205 Unfortunately, 
they also discovered the poor photostability of their catalyst due to the holes of the formed 
electron-hole pair reacting with the CdS, leaching the Sulphur off the CdS surface (see 
equation 2-22). This photocorrosion can be subsided with the introduction of 500ppm SO4 
hole scavenger, however CdS will still slowly degrade. 
𝐶𝑑𝑆 + 2ℎ+   →   𝐶𝑑2+ + 𝑆 ↓    (2-22) 
Lastly, a series of publications, from the same research group, were able to show nitrite 
reduction to ammonia over metal complexes adsorbed onto nafion membranes in alkaline 
aqueous solutions under visible light illumination.203,204,206 First in 1998,203 a nafion 
membrane was treated so that a [Ru(bpy)3]2+ (bpy – Tris(2, 2’ -bipyridine)) and [Ni(teta)]2+ 
(teta – tetraazacyclotetradecane) were adsorbed onto the surface, these were then 
illuminated under visible light in 1 M NaNO2 solution with good reproducibility. In this system, 
nitrite is effectively reduced over the Nickel complex while the ruthenium complex acts to 
recycle the nickel complex between Ni+ and Ni2+ oxidation states. They continued from this in 
2002,204 however instead of Ni/Ru complexes they studied different metal phthalocyanines 
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(MPCs) adsorbed onto nafion membranes to reduce NO2- to NH4+ in the presence of a 
sacrificial electron donor. They found that the MPC/nafion films act in the same way a p-type 
semiconductor does with exciting electron-hole pairs to be used for nitrite reduction. They 
investigated 3 separate MPCs in CoPC, FePC and ZnPC, with FePC showing the highest activity, 
however all nafion films were stable and able to be recycled for weeks. Finally leading up to 
a publication in 2012 where they embedded Au-TiO2 into a Nafion film with surface adsorbed 
[Ni(teta)]2+ to achieve their highest photocatalytic activity yet for ammonia production.206 
Here they found that the introduction of Au-TiO2 promotes more efficient electron transfer 
while the Au nanoparticles act as an electron sink, which in turn decreases any recombination 
of electron-hole pairs. Combining this with previous work with the [Ni(teta)]2+ adsorbed onto 
Nafion membrane managed to achieve enhanced photocatalytic activity for nitrite reduction 
to ammonia. 
2.3.3. Prospects 
As has been learned in the photocatalytic nitrogen reduction field, it is necessary to 
investigate photocatalytic NOx reduction mechanisms and understand what affects the yield. 
As shown by Hirakawa et al,196 with their work on surface defects on TiO2 that the metal 
dopant may not always be a positive effect on photocatalytic activity and selectivity. 
Bimetallic doping seems a promising avenue for continued research for photocatalytic NOx 
reduction, however better knowledge of the mechanism behind the improved activity is 
needed. Again, in similar fashion, both computational and experimental research is needed 
to be conducted in parallel to better understand the basic mechanisms behind these 
reactions, and from there we can begin to design improved catalysts. 
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2.4. Photoelectrochemical Solar Fuel Production 
A couple of publications before Fujishima and Honda’s seminal work in 1972, laid the 
foundations of photoelectrochemistry theory, with investigations on various semiconductor 
electrodes and investigations of illuminated electrochemical responses.11,48,207,208 After this 
there was a rapid expansion in publications in the photoelectrochemistry field with 1000s of 
papers only between 1973 and 1985 due to the oil crisis.11,209 The working principles of a 
photoelectrochemical cell is considered in-between that of a photocatalytic and photovoltaic-
electrochemical system, with a typical photoelectrochemical (PEC) cell consisting of a 
photoelectrode (photoanode or photocathode) and counter electrode connected by an 
external wire. For example, if we look at an illuminated photocathode the photogenerated 
electron-hole pair will be easily separated under the external bias, with the electron migrating 
to the photocathode/electrolyte interface to be used in H2 production, N2 reduction or NOx 
reduction. Although, in an ideal situation, a photocathode and photoanode could be used in 
tandem and not require an external bias to produce solar fuels. Meanwhile, the excited hole 
will be transported to the counter electrode or anode in this case, to be used up in an 
oxidation reaction (usually water oxidation), which is facilitated by the band bending at the 
interface due to space charge effects.210,211 
In keeping with the focus of this thesis, most of this section is focussed on 
photoelectrochemical ammonia production via nitrogen or nitrate reduction. Although 
photocatalytic nitrogen reduction, photocatalytic nitrate reduction and photoelectrochemical 
hydrogen production all have vast areas of research, surprisingly there are very few reports 
on photoelectrochemical ammonia production even though the working principles between 
them is similar.  Therefore, due to the sparse amount of literature in this area, a brief 
summary over p-type photocathodes for photoelectrochemical hydrogen production is also 
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provided for a larger insight into the overall field. For a full comparison of PEC N2 fixation and 
PEC NOx reduction for ammonia production and catalysts activity please see appendix tables 
4 and 5. 
2.4.1. Photoelectrochemical H2 Production 
For the utilisation of photocathodes for photoelectrochemical water splitting there are a few 
requirements to produce a perfect photocathode. To begin with, the band gap must be 1.23 
V, with the photocathodic conduction band edge needing to be more negative than the water 
reduction potential (0.00 V vs RHE) (see figure 2-13). In addition, the photocathode needs to 
be stable over a range of pH values so that it can be stable in various electrolytes under 
illumination, ensuring a long lifetime with no photoelectrode degradation. Thirdly, the 
photocathode should be responsive to light across the visible spectrum to make the best use 
of solar irradiation and increase solar-energy conversion efficiencies. Finally, the use of cheap 
and earth abundant materials while still maintaining a high performance is needed to ensure 
a cheap price and increases the photocathodes feasibility for large array of applications.210–
212 Another factor to bear in mind is what is known as the theoretical maximum photocurrent 
and solar-to-hydrogen (STH) conversion efficiency that is based on the optical limit of the 
materials bandgap (see figure 2-14). This is only where if we assume all photons are captured 
and converted without any efficiency loss. Although, it isn’t enough to describe solar water 
splitting on its own due to numerous more factors affecting a photocathodes ability to 
conduct water splitting.210,213 The photocathodic and photoanodic half-cell reactions are 
stated below in equations 2-23 and 2-24. 
2𝐻+ + 2𝑒−   →   𝐻2     (0.00 𝑉 𝑣𝑠 𝑅𝐻𝐸 𝑎𝑡 𝑝𝐻 0)    (2-23) 
2𝐻2𝑂 → 𝑂2 + 4𝐻
+ + 4𝑒−   (+1.23 𝑉 𝑣𝑠 𝑅𝐻𝐸 𝑎𝑡 𝑝𝐻 0)   (2-24) 
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Figure 2-13: The band gaps of several semiconductors with respect to the vacuum level and 
NHE under ideal conditions. Red and green lines denote the conduction band and valence band 
respectively. Reproduced from references.211,214 
Figure 2-14: Relationship between semiconductor bandgap and theoretical maximum 
photocurrent and STH efficiency under AM 1.5 Global (AM1.5G) illumination. Reproduced 
from reference.210  
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Metal oxide photocathodes are the most commonly studied material set with the fact that 
they often meet the ‘perfect’ photocathode criteria of being chemically stable and able to be 
produced at a low cost. They also have an abundance of metal vacancy defects allowing for 
their p-type conductivity. Unfortunately, they also tend to have meagre optical absorption 
coefficients with a poor mobility and lifetimes of charge carriers. All in all, this leads to 
generally poor photocurrent and solar-to-hydrogen efficiency, with a few exceptions. 210,215 A 
wide variety of both binary and ternary metal oxide photocathodes have been produced and 
studied for photoelectrochemical water splitting including: Cu2O,16,216–218 CuO,219–221 
CuFeO2,222,223 CuFe2O4,224–226 CaFe2O4,227,228 LaFeO3,229 CuNb3O8,230 CuBi2O4,231 p-NiO,232 and 
copper tantalate oxides.233,234 
One of the most highly cited papers in this field, Paracchino et al,16 utilised a highly active 
Cu2O photocathode with a protective Al-doped ZnO/TiO2 protective layer to prevent the 
common copper reduction reaction that usually degrades copper oxide type electrodes (see 
equations 2-25 and 2-26). Due to this protective layer they were not only able to obtain 
photocurrents of up to -7.6 mAcm-2 at 0 V vs RHE, but photocathodes remained active after 
an hour of testing, with estimated faradaic efficiency close to 100%. Faradaic efficiency 
describes the efficiency in which the charges (electrons in this case) are transferred through 
the system for use in an electrochemical/photoelectrochemical reaction. Normally 
recombination of charge carriers or competing reactions cause most of the losses in 
efficiency. What was key in this study, was the increase in stability due to the atomic layer 
deposition method used to produce the protective layer across the surface of the 
photocathode. Normally Cu2O photoelectrodes are stable for a few minutes at most, whereas 
in this study they were able to improve the stability of the electrodes to be stable for over an 
hour, retaining up to 78% activity after 20 minutes. 
47  
 
𝐶𝑢2𝑂 + 𝐻2𝑂 + 2𝑒
−   →   2𝐶𝑢 + 2𝑂𝐻−    (+0.47 𝑉 𝑣𝑠 𝑅𝐻𝐸)  (2-25) 
2𝐶𝑢𝑂 + 𝐻2𝑂 + 2𝑒
−   →   2𝐶𝑢2𝑂 + 2𝑂𝐻
−    (+0.6 𝑉 𝑣𝑠 𝑅𝐻𝐸)  (2-26) 
More recently, some researchers have attempted to improve the stability of copper oxide 
type materials by combining CuO and α-Fe2O3 to produce a ferrite structured photocathode 
known as CuFe2O4.226 In this recent study, they observed that unprotected ‘flame annealed’ 
CuFe2O4 was stable for up to 10 minutes at 0.15 V vs RHE which is almost 5 times higher 
than that of bare Cu2O shown previously. They also show that with a band gap range of 1.54 
to 1.95 eV that CuFe2O4 could have a theoretical maximum photocurrent density of 27 
mAcm-2 and STH efficiency of 33%. Although, in this study they only observe up to 1.82 
mAcm-2 at 0.4 V vs RHE, it is the highest reported for this material, and achieved a much 
longer stability when compared to previous copper oxide publications. They attribute this 
higher photocurrent to their ‘flame annealed’ synthesis technique which allowed the film to 
be thicker and more porous leading to a higher surface area and better light absorption 
characteristics. 
A hefty variety of non-metal oxide photocathode materials have also been widely studied 
across this field with p-doped CdS,235,236 p-Si,237–239 and GaP,240–242 being three commonly 
investigated photocathodic materials. CdS has a known direct band gap of 2.4 eV and 
appropriate band edges for both water oxidation and water reduction reactions and is 
considered a promising material to conduct water splitting without the use of an external 
bias. However, CdS is intrinsically n-type due to sulphur vacancies, usually due to its self-
photo-corrosion losing sulphur from the surface (as mentioned previously in the 
photocatalytic nitrite reduction chapter).205,210 Therefore to be utilised as a photocathode, it 
needs to be p-type doped. On the other hand, p-Si is well known for its photovoltaic 
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applications but is also a promising non-metal oxide photocathode with its adequate 
conduction band edge for hydrogen evolution. Unfortunately, due its small band gap of 1.1 
eV, p-Si’s valence band edge is significantly far enough away from the oxygen evolution 
reaction potential that a n-type photoanode is needed to be used in conjunction with the 
photocathode.238,243 On top of this protective layers are needed to protect the silicon surface 
from oxidizing or electrolyte etching.210 Of late, however, g-C3N4 has emerged as new material 
contending to be used in photocathodes, although being mainly used for its n-type behaviour 
in photoanodes, it can be utilised in conjunction with known photocathodes as a g-C3N4/p-
type semiconductor composite film.244 For example, a Cu2O foam/g-C3N4 photocathode was 
produced and showed much better photostability than Cu2O with 70% activity remaining after 
being held for 10 minutes at 0 V vs RHE.245 Although the photocurrent was not as high as 
previous studies, the film was still sufficiently protected from photo-corrosion. Examples of 
other non-metal oxide semiconductors that have been utilised as photocathodes for PEC 
hydrogen evolution include: InP,246,247 InGaN,248,249 GaInP2,250 CuGaSe2,251–253 and WSe2.254 
2.4.2. Photoelectrochemical N2 Reduction 
Photoelectrochemical nitrogen reduction was first reported by Nozik and Dickson in 1978,255 
where a p-type gallium phosphide (GaP) cathode was used with an aluminium counter anode 
with a non-aqueous electrolyte to produce ammonia via nitrogen fixation in a 
photoelectrochemical cell. GaP has a band gap of 2.24 eV256 with suitable band edges for 
nitrogen reduction. In the system they used the aluminium counter anode was believed to be 
providing a counter-oxidation reaction to complete the circuit and allow for the nitrogen 
fixation at the photocathode. This would present the overall reaction: 
𝑁2 + 2𝐴𝑙 + 6𝐻
+ → 2𝑁𝐻3 + 2𝐴𝑙
3+                  𝛥𝐺 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛⁄ =  −1.72 𝑒𝑉   (2-27) 
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The reaction conducted above was designed akin to that of previous works used for the 
electrolytic fixation of N2, but in these previous works, both the cathode and anode materials 
used were not photoactive.257,258 Though, in this case p-type GaP photocathode showed that 
illumination could produce ammonia photoelectrochemically rather than just by electrolytic 
means. The production rate of ammonia however was extremely low with approx. 10-4 mol 
of NH3 per hour per cm2 of the electrode surface. Lastly, they were able to reveal that the 
nitrogen reduction step most likely occurs on the p-GaP photocathode with the counter 
oxidation occurring at the aluminium anode, this theory was supported by the fact that 
reduced nitrogen yields were observed with the less charge being passed through the circuit. 
This led to further work in 1981 by Koizumi et al,259 similarly using GaP photocathode with an 
aluminium counter anode but revealed the possibility of using different electrolytes. The 
electrolyte previously used was the non-aqueous solution of titanium tetraisopropoxide in 
1,2-dimethoxyethane(glyme). Whereas in this study vanadium trichloride, titanium 
trichloride and chromium trichloride with trace amounts of water were analysed instead of 
titanium tetraisopropoxide. The reasoning behind this study was that it was believed that the 
titanium tetraisopropoxide played a vital role in the binding and ionizing of the nitrogen. From 
this research they found that nitrogen fixation requires for the metal ions used in the 
electrolyte to be reduced to a divalent state (i.e. Ti2+, V2+ and Cr2+), and that the water acts as 
a proton source to produce ammonia. From this discovery a new probable path was 
developed for nitrogen fixation via photoelectrochemical means shown below in equations 
2-28 and 2-29, with the photosensitization step in equation 2-27. However, an important note 
to make would be that yields of ammonia still struggle to reach μmol levels.  
𝑀(𝐼𝐼𝐼)(𝑠𝑜𝑙𝑣)𝑛  
+𝑒−
→   𝑀(𝐼𝐼)(𝑠𝑜𝑙𝑣)𝑛  
+𝑁2
→   𝑀(𝐼𝐼)(𝑠𝑜𝑙𝑣)𝑛 − 𝑁2  (2-28) 
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𝑀(𝐼𝐼)(𝑠𝑜𝑙𝑣)𝑛 − 𝑁2 + 6𝐻2𝑂 
+6𝑒− ,−6𝑂𝐻−
→          𝑀(𝐼𝐼)(𝑠𝑜𝑙𝑣)𝑛 + 2𝑁𝐻3  (2-29) 
It wasn’t until 1984, Grayer and Halmann,260 that photoelectrochemical production of 
ammonia was presented on alternative photocathodes to GaP as well as alternative anodes 
to Aluminium (See Table 2-2). In this research, GaP photocathode was used with a stainless 
steel anode in an aqueous alkali electrolyte of 6M KOH however due to stability issues with 
current conversion efficiencies of 4-5%. Current conversion efficiency, in this case, is 
describing the percentage of solar energy converted to chemical energy (i.e. percentage of 
solar energy producing ammonia). Whereas, when TiO2 photoanode was used in conjunction 
with an iron or carbon counter cathode delivered current conversion efficiencies of up to 9.9% 
and 9.6% respectively. This was attributed to the increased stability of TiO2. LuRhO3 
photoanode was also employed in conjunction with an iron counter cathode giving a low 
efficiency of 3.4%. Remarkably, when carbonate was used in the medium, carbon reduction 
would occur simultaneously with nitrogen fixation. 
Table 2-2: Table shows the electrochemical (runs 1-3) and photoelectrochemical (runs 4-16) 
of N2 in aqueous alkali. Reproduced from reference. 260 
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After Zhu’s initial work on diamond in 2013,126 the mechanism behind nitrogen reduction via 
these diamond ejected electrons was investigated by members of the same research group.261 
In this follow up study, it was discovered that reduction of N2 to NH3 initially arises via direct 
H atom addition followed by further protonation, using water as a proton source. Two 
reduction pathways were identified, direct and indirect, depending on whether N2 reacts 
directly with the solvated electrons or with an aqueous species first (for the direct route see 
figure 2-15). Bandy et al,262 also looked at H-terminated diamond, but introduced doping with 
Mo, Ti and Nb. They aimed to make up for diamonds weak optical absorption with electron 
emission from the doped metals instead, which could then be injected into the thin diamond 
film and utilised for nitrogen reduction. 
Figure 2-15: A proposed mechanism for direct nitrogen reduction utilising solvated electrons 
for H-terminated diamond. Reproduced from reference.261 
In the last few years a number of publications have arisen in utilising a process known as 
localised surface plasmon resonance (LSPR) to aid in their photoelectrochemical and 
photocatalytic nitrogen reduction reactions.117,263–266 “Localised surface plasmon resonance is 
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an optical phenomena generated by light when it interacts with conductive nanoparticles 
(NPs) that are smaller than the incident wavelength.”267 Effectively, this allows the interaction 
of light with the metal nanoparticles to aid in excitation of electrons in the conduction band. 
For instance, Ali et al,265 sputtered Au nanoparticles (NP) onto a nanostructured boron doped 
p-Si wafer with Cr sputtered on the back as an anode. This photoelectrode was then utilised 
for photoelectrochemical nitrogen reduction to ammonia, the Au-NP provided surface 
plasmons that upon irradiation produced additional excitation that contributed to the overall 
ammonia yield. Similarly, Zheng et al,45 utilised Au-NPS on a PTFE framework attached to a Ti-
p-Si electrode (see figure 2-16). The PTFE aerophilic porous framework provided an area of 
concentrated N2 on the cathode surface, to specify the reaction towards NH3 synthesis over 
that of the hydrogen evolution reaction. The Au-NPs are utilised to effectively reduce the 
energy barrier needed for the nitrogen reduction reaction, while the high milliamp 
photocurrent produced by the Ti-p-Si electrodes allowed for a high photoelectrical to 
chemical conversion efficiency, ultimately giving a high production rate of NH3. 
Figure 2-16: A proposed mechanism for the enhanced nitrogen reduction reaction over the 
Au-NPs/PTFE/p-Si/Ti aerophilic-hydrophilic heterostructure. Reproduced from reference.45 
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2.4.3. Photoelectrochemical NOx Reduction 
Halmann et al reported photoelectrochemical NOx reduction early on in 1986;201 they 
revealed that photocatalytic reduction of NO2 to NH3 was possible on metal oxides (SrTiO3 
and TiO2) and metal sulphides (CdS-ZnS and CdS) that had already been employed for 
photoproduction of solar fuels previously. 59,268,269 Photocatalytic reduction of NO2 and NO3 
were then widely reported, mainly by Ranjit et al, from then onwards on TiO2 modified with 
various metal co-catalysts.163,170,186,270,271  Until 2003 when Ranjit et al followed up on work 
previously conducted by Halmann et al,205 and reported photoelectrochemical reduction of 
nitrite over CdS and doped CdS photoelectrodes in the same publication they conducted 
photocatalytic tests in as well. Intriguingly, they observed higher performance with their CdS 
and doped CdS slurries in photoelectrochemical experiments when compared to the previous 
photocatalytic experiments. The activity of dopants followed this relationship: Ru>Rh>Ir, 
although all dopants improved activity for ammonia production over that of bare CdS. 
Re/p-Si,272 Cu/Cu2O,273 and Ti/TiO2,274 all showed NOx removal capabilities for N2 production, 
however all do see some ammonia production over the course of their reactions. For 
example, Sayao et al,274 saw 44% selectivity for ammonia when their NO2 reduction reaction 
was left illuminated for 60 minutes. But, shorter times reveals only 7% selectivity (93% 
gaseous products), this indicates a reaction with gaseous products to produce ammonia the 
-0.2 V potential is maintained with illumination over their Ti/TiO2 photoelectrode. 
Turner et al,275 revealed that in utilising a p-type GaInP2 photoelectrode with a Pt black 
counter electrode in 0.1 M HNO3 under illumination would result in NO3 being reduced down 
to NO2. They were also able to show in that using both 0.1 M HNO3 and 0.5M NH4NO3 in H2O 
that different electrolytes could yield similar results. Although reduction to NH3 couldn’t be 
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achieved, the reduction to NO2 was achieved of which is believed to be the rate-determining 
step in NO3 reduction. GaInP2 was shown to have an ideal band gap of 1.83 eV for nitrate 
reduction and reached performances of 10 mA cm-2 as shown in the figure 2-17 below. A novel 
idea could be to combine GaInP2 photoelectrochemical cell with another cell specifically 
designed for NO2 reduction to NH3 such as one using metal oxides such as SrTiO3 and TiO2 or 
even metal sulphide such as CdS as discussed previously. 
Figure 2-17: The diagram above shows a chopped IV curve showing the current produced by 
a p-GaInP2 photoelectrode under illumination and under dark. Reproduced from 
reference.275  
2.4.4. Prospects 
Despite the vast amounts of publications reported for photoelectrochemical water splitting, 
photoelectrochemical nitrogen and NOx reduction are young fields with regards to the low 
number of publications discussing photoelectrochemical ammonia production. With the 
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multiple transferrable photoelectrode materials available to choose from for both 
photocathodes as discussed previously, and photoanodes, it can only be assumed that the 
hydrogen evolution reaction is an extremely hard reaction to compete with when it comes to 
photoelectrochemistry. Likely due to the large increases in electrons required for ammonia 
production. Therefore, future research should be focussed on discovering ways of selectively 
choosing photoelectrochemical ammonia production over the hydrogen evolution reaction, 
which could be done via experimental conditions, photoelectrode synthesis or treatment 
techniques. 
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Chapter 3: Experimental Methods   
57  
 
3.1. Material and Thin Film Growth Methods 
 There are a number of different techniques to fabricate photocathodes or 
photoanodes which each method producing alternative morphology’s, thickness and 
coverage of these thin films. This can have drastic implications in terms of the 
semiconductor’s photoactivity and performance as a photoelectrode in a PEC cell. The most 
common method for fabrication of thin film photoelectrodes in our current research is a 
method known as aerosol assisted chemical vapour deposition (AACVD). This main method 
can then be subdivided into horizontal and vertical which are two separate methods of AACVD 
of which can produce different results. Other methods of thin film production of which have 
also been looked at include: 
• Doctor blade 
• Spin coating 
• Sputter coating 
3.1.1. Aerosol Assisted Chemical Vapour Deposition 
Aerosol assisted chemical vapour deposition (AACVD) is a key technique utilised in thin film 
fabrication with key benefits over many other techniques in that it can be done at 
atmospheric pressure, the precursor solution is at ambient temperature, so volatility is not a 
problem and the fact a single source solution can be used to produce multicomponent thin 
films with reproducibility. There are two main methods of AACVD defined by the route of 
deposition of the aerosol onto the substrate; vertically or horizontally. 
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Figure 3-1: Diagram showing an experimental vertical AACVD set up with the precursor 
solution in the ultrasonic humidifier, this aerosol is carried through to the 3 neck round 
bottom flask where heavier aerosol droplets fall out meanwhile small aerosol droplets 
continue onto the heated substrate. 
Figure 3-2: Diagram showing an experimental horizontal AACVD set up with the precursor 
solution in the ultrasonic humidifier; this aerosol is similarly carried through however 
in this alternative method the aerosol travels into a tube furnace onto the heated 
substrate. 
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3.1.2. Spin Coating 
Spin coating is a widely used technique for production of thin films where an excess amount 
of precursor solution is applied on top of the substrate and then accelerated to a selected 
rotational speed to produce a relatively homogenous thin film of precursor. This thin film can 
then be annealed at higher temperatures to once again produce photoactive thin films such 
as metal oxides. Annealing can be done conventionally in a tube furnace or via alternative 
methods such as microwave irradiation which can produce different morphologies and 
properties. 
 
Figure 3-3:  Diagram showing an experimental set up of producing thin films by the spin 
coating technique. Reproduced from reference.276 
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3.1.3. Doctor Blade 
Doctor blade is a simple technique where the precursor pastes or solution is dropped onto 
one side of the substrate. This droplet is then evenly spread over the substrate by moving a 
glass rod or sharp blade across the substrate with a constant speed producing a thin film of 
wet precursor on the substrate. This thin film of precursor could then be annealed to produce 
a metal oxide. 
Figure 3-4: Diagram showing an experimental set up of producing thin films by the doctor 
blade technique. Reproduced from reference.276 
3.1.4. Sputter coating 
Sputter coating is a physical vapour deposition method of producing thin films, often used for 
the deposition of metals such as gold as the conductive contact for perovskite solar cells. Its 
working principles involve bombarding the sputtering target (made of the material you wish 
to deposit) with argon ions which deposits the sputtering target material on a desired 
substrate. Different lengths of deposition time can be used to alternate the thickness of the 
thin films being produced.  
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3.2. Powder Production Methods 
The method of production of a powder can have drastic implications on its photocatalytic 
activity and morphology when put in comparison with each other. Many materials have been 
well studied in literature by a few methods and one method is highlighted as the clear option 
for ease of production and high photocatalytic activity. With this research a variety of powder 
production methods were utilised to scan through a range of materials for their 
photocatalytic activity for the nitrogen or nitrate reduction reactions. These methods were 
mainly used in current studies: 
• Co-precipitation 
• Sol-Gel 
• Microwave 
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3.2.1. Co-Precipitation 
The co-precipitation method involves the dissolution of two different metal salts bound to 
the same anion; otherwise the vastly different solubilities can cause issues with the final 
structure of the powder. After dissolution of salts, a precipitator (e.g. a very basic solution) is 
added to precipitate the starting material with the ratio of metal ions desired. Once fully 
formed, this precipitate can be separated and annealed at the desired temperature for 
different morphology and crystallinity (phase). This method can be applied to producing 
metal oxides such as ferrites (CuFe2O4, NiFe2O4, etc.). 
Figure 3-5: Co-precipitation method for powder production. 
3.2.2. Sol-Gel 
Sol-gel method for producing powders is a chemical solution method which is typically used 
for the formation of ceramic materials as thin films or powders. The “sol” part of the method 
is a fine suspension of solid particles of ions in a particular solvent, whereas the “gel” part is 
a more rigid mass of particles or ‘integrated network’ that forms when the solvent starts to 
evaporate away, leaving particles behind to agglomerate into a film or powder. This can be 
Solution 
Suspension 
Supernatant 
Precipitate 
Precipitator (e.g. Base) 
Separation and 
Annealing 
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used to produce metal oxides such as titanium dioxide as well as other materials like carbon 
nitride which can be formed by a polycondensation reaction. 
3.2.3. Microwave 
Microwave assisted synthesis of powders was performed in a Biotage Initiator EXP 8 
microwave reactor (see figure 3-6) that can apply temperature by microwave irradiation while 
under pressure. This reactor utilised 10-20 mL crimped quartz vials which contains the 
precursor solution/suspension to undergo microwave irradiation under pressure. This 
method was extremely useful for creating doped powders with even distribution of the 
dopant and improved morphology when compared to conventional heating production 
methods. 
Figure 3-6: Picture of Biotage Initiator EXP 8 microwave reactor at Loughborough University 
used for powder synthesis. 
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3.3. Materials Characterisation  
After fabrication of the photoelectrode thin films or photocatalyst powder, the material that 
has been developed needs to be characterised in order to discover what we have made, its 
morphology/phase and its properties as a photoelectrode/photocatalyst. These types of 
techniques are essential in determining whether or not we have made what we were 
intending to make. In addition to techniques that are utilised to characterise its performance 
in terms of band gap, photocurrent, fill factor, current efficiency and stability. To begin with, 
techniques typically used to determine the material properties are:  
• X-ray diffraction (XRD) 
• Raman spectroscopy  
• Scanning electron microscopy  
• X-ray photoelectron spectroscopy (XPS) 
• Energy dispersive X-ray spectroscopy (EDX) 
• Attenuated total reflectance-infrared spectroscopy 
Whereas techniques typically used to character the materials optical and electronic 
properties are: 
• Ultraviolet-visible spectroscopy 
• Diffuse reflectance 
• Current voltage plots 
• Incident photon to current efficiency (IPCE) 
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3.3.1. X-ray Diffraction 
X-ray diffraction is a useful and non-destructive analytical technique in investigating a 
materials crystal structure via inspecting the angles and intensities that X-rays are diffracted 
by that structure. These angles and intensities can be assembled into a diffraction pattern 
which is exclusive to each material and their alternative phases and can be compared to a 
database of known materials and their diffraction pattern reflections. However, the material 
being studied must be crystalline in some manner because a crystalline structure has an 
ordered arrangement of atoms allowing for distinct reflections on a XRD pattern. If, for 
example, an amorphous material is being investigated then its lack of clear crystal structure 
will lead to no reflections on a XRD pattern. In these studies, X-ray diffraction is used to 
identify whether a material has been made via a new method by comparing it to a reference 
from a database based on that materials reflections. 
Figure 3-7:   Picture of Loughborough University’s Bruker D8 X-ray diffractometer typically 
used for powder and thin film characterisation.  
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3.3.2. Raman Spectroscopy 
Raman spectroscopy is a spectroscopic technique that can be used in a non-destructive 
manner to measure the inelastic scattering of monochromatic light through a sample. It 
focusses on observing rotational and vibrational modes of a molecule. The inelastic scattered 
photons are filtered away from any elastically scattered photons and passed into a detector 
where changes in energy, from source to detector, will provide information on how the 
vibrational or rotational modes have affected the energy of the photons. This technique is 
similar to infrared spectroscopy but has some key differences; the main difference is that 
Raman spectroscopy focusses on the scattering of light of vibrating molecules and the 
changes in polarizability of a molecule. Whereas, infrared spectroscopy pays attention to the 
absorption of light by vibrating molecules and the alterations in dipole moment of a molecule. 
There are 3 important methods in that photons emitted from the sample being illuminated 
that are important for this technique: Rayleigh, Stokes and Anti-Stokes. Rayleigh scattering is 
where a non-Raman active molecule is excited by a photon to a higher energy state and then 
returns to its initial vibrational state while emitting a photon elastically (at the same energy). 
Stokes scattering is where a Raman active molecule is excited by a photon to a higher energy 
state, but some of the photon’s energy is transferred to the molecule as vibrational energy 
when the photon is ejected leaving the molecule at a higher vibrational energy than before. 
Lastly, Anti-Stokes scattering is where a Raman active molecule which is already excited is 
excited further by absorbing a photon to a higher energy state, but excess energy from the 
molecule is transferred to the photon as it is released, releasing a photon at a higher energy 
than it came in. 
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3.3.3. Scanning Electron Microscopy 
A scanning electron microscope (SEM) is a type of microscope that uses electrons to form an 
image to a much higher magnification and resolution than that of using light to magnify an 
image. SEM’s can be utilised to examine the morphology and chemical composition of a 
samples surface by firing electrons at the surface with an electron beam and measuring its 
interaction with the surface, with electrons and X-rays being produced or scattered. The 
electron beam bombarding the surface of the sample can be scattered by the atoms on the 
surface in two key methods: elastically and inelastically. Elastic scattering of electrons is 
where the electron collides with the atom or another electron but conserves all kinetic energy 
through the collision. Whereas, inelastically scattering of an electron is where it does not 
conserve kinetic energy through the collision which means that some of the energy has been 
converted into some other process such as heat or vibrations. These interactions bring about 
a number of possible electron interactions with the surface to yield an output such as an 
image (SEM) or elemental composition of the surface (EDX). 
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3.3.4. X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface sensitive non-destructive technique that 
is employed for measuring the surface chemistry of a material. XPS can be used to work out 
the elemental composition, chemical state, empirical formula and electronic state of a 
materials surface (typically the first 1-10 nm). It works via the surface of the sample/material 
being bombarded by X-rays of a known energy while measuring the kinetic energy of any 
photoelectrons being emitted from the surface. The energy and intensity of these electrons 
being emitted will be characteristic to that of different surface elements. As we are 
bombarding the surface with X-rays of a known energy and the kinetic energy of the emitted 
photoelectrons is also measured then the electron binding energy can be determined (see 
equation 3-1 below).  Due to this technique being a highly sensitive surface technique; proper 
sample preparation is required to ensure that there are no contaminants on the surface which 
could cause misrepresentative results to appear.  
𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 +  ∅)   (3-1) 
3.3.5. Energy Dispersive X-ray Spectroscopy 
Energy dispersive X-ray spectroscopy (EDX) is an analytical technique used in conjunction with 
a SEM where it provides elemental analysis or chemical characterisation of the bulk of 
material scanned by the SEM. It works via a high energy electron beam being fired at the 
sample causing an electron within the ground state or inner shell of the sample to get excited. 
This excited electron moves out from this inner shell leaving an electron hole, which can then 
be filled by another electron from a higher energy shell. The difference in the energy between 
the higher energy shell and the inner shell is released as an X-ray when the electron moves to 
fill the hole, the energy of these X-rays will be characteristic to each element and can be 
measured and plotted to characterise the elements in the sample. 
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3.3.6. Attenuated Total Reflectance-Infrared Spectroscopy 
Attenuated total reflectance (ATR) is a sampling technique that can be used with infrared 
spectroscopy allowing samples in both the liquid and solid phase to be measured without the 
need for any additional preparation. It works by a beam of infrared light being passed through 
the ATR crystal so that it reflects between the crystal and sample at least once before being 
passed through the detector. This reflection of infrared light on the sample forms an 
evanescent wave which penetrates into the sample being measured. An evanescent wave in 
this case is an infrared wave that decays exponentially due to internal reflection. This 
evanescent effect will only happen if the sample has a lower refractive index than the crystal 
being used; therefore, an optical material with a high refractive index would be ideal for use 
as the crystal (e.g. Diamond). 
Figure 3-8: Picture of the Attenuated total reflectance-infrared spectroscopy set-up at 
Loughborough University (Top Crystal: Diamond, Bottom Crystal: Sapphire). 
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3.3.7. Ultraviolet-Visible Spectroscopy 
Ultraviolet visible spectroscopy (UV-Vis) is an analytical technique that measures the 
absorption of light in the ultraviolet and visible wavelength range. It does this by measuring 
the intensity of light transmitted through a sample in comparison to a reference; an example 
of this could be a coloured solution in a cuvette with reference to deionised water in a cuvette. 
UV-Vis was conducted in our experiments utilising a dual beam Perkin-Elmer Lambda 35 UV-
Vis spectrometer across wavelengths ranging from 900 nm to 300 nm. The light transmitted 
through the sample is detected by a photodiode as current; this is proportional to the amount 
of light that is adsorbed at various wavelengths. The amount of light that is the adsorption of 
a solution can be directly related to the concentration of the adsorbing species in the coloured 
solution and the path length; in what is known as the beer lambert law (see equation 3-2 
below). Where 𝜀 is the absorptivity of the species, 𝑙 is the path length and 𝑐 is the 
concentration of the species. 
𝐴 =  𝜀 𝑙 𝑐      (3-2) 
3.3.8. Diffuse Reflectance 
Diffuse reflectance is a technique that uses the UV-Vis Lambda 35 Spectrophotometer to 
measure diffuse reflectance of a sample compared to standard (usually a white board 
calibrated to equal 100% diffuse reflectance). Light that is reflected in a symmetrical fashion 
with respect to the perpendicular line to the sample is called specular reflection, whereas 
incident light that instead of being reflected like a mirror in a single direction is scattered in 
all directions in what is called diffuse reflectance. Therefore, when measuring a sample such 
as thin film versus the diffuse reflectance standard (white board) we are not actually 
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measuring total reflectance, we are measuring the sample’s reflectance in comparison to a 
known diffuse reflectance standard, hence it being a sample’s diffuse reflectance. 
Figure 3-9: Diagram to show the difference between specular reflection (left) and Diffuse 
reflectance (right). 
3.3.9. Current voltage plots (I-V curves) 
For looking at photoelectrochemical performance of thin films after production the thin film 
on a conductive glass substrate; we can use an electrochemical potentiostat linked with an 
AM 1.5 illumination source. This effectively allows for different electrochemical techniques 
to analyse the thin films activity for our desired reaction, by measuring the change in current 
over a range of potentials vs a reference electrode standard (such as an Ag/AgCl reference 
electrode) while the sample is illuminated. One key technique used in this research is the use 
of linear sweep voltammetry, where the potential is scanned in a single direction while under 
illumination and while in the dark to see the amount of current produced via illumination also 
known as the photocurrent. Two different techniques were commonly used with linear sweep 
voltammetry, firstly; a chopped IV curve was utilised where the sample was periodically 
illuminated and put in the dark throughout the same scan, giving information of the current 
in the dark and the photocurrent in one scan. Secondly, a simple I-V curve was used as well 
where a separate scan for the dark current was used and compared to another scan when 
Specular Reflectance Diffuse Reflectance 
Incident light Incident light Reflected light 
Reflected light 
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illuminated. Both methods indicate similar results however, separate scans can sometimes be 
easier to compare, but a chopped IV curve will give more information about how the 
photoelectrode interacts with the light (recombination etc.). 
3.3.10. Incident Photon to Current Efficiency (IPCE) 
Incident photon to current efficiency (IPCE) is a useful tool to determining how efficient a 
photoelectrode material is at converting photons at a particular wavelength into electrical 
energy, therefore gives an indication a photoelectrode performance. Principally a light is 
passed through a monochromator to produce light of certain wavelengths, the current that 
the photoelectrode produces at this wavelength is measured. Therefore, higher the current 
the more charge carriers the photoelectrode has created at that specific wavelength. Initially, 
only the external quantum efficiency is measured which only looks at the number of charge 
carriers against the number of incident photons hitting the sample at a given wavelength. 
However, this doesn’t account for the light that is reflected away from the surface, meaning 
that the number of photons actually absorbed is different to the amount incident photons 
hitting the surface. Internal quantum efficiency is where the amount of light reflected from 
the sample is also measured and then excluded from the calculation of quantum efficiency. 
Lastly, IPCE could also be used to determine which wavelengths of light cause more 
degradation than other wavelengths with certain materials, which can help reveal possible 
degradation mechanisms.  
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3.4. Photocatalytic Reactor 
The photocatalytic reactor is a piece of equipment used to test the activity of powders under 
illumination for different reactions such as hydrogen production, nitrogen fixation and nitrate 
reduction. The Lelesil Innovative Systems photochemical reactor was utilised in current 
research to test these reactions (see figure 3-10 below). The 1000 mL reactor is fitted with 3 
ports to allow for temperature sensing, gas inlet and gas outlet, while having a cooling quartz 
jacket in the centre to allow for both UV and visible lamp tests to be performed on different 
powders. The quartz jacket consists of a quartz condenser with a water inlet and outlet to 
allow for proper cooling of the illumination lamps and so that temperature of the 
photocatalytic reaction is not affected by the heat produced by the lamp. 
 
Figure 3-10: Picture of the Lelesil Innovative Systems photochemical reactor at the energy 
research laboratory (ERL), Loughborough University.  
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3.5. Ammonia Detection Methods 
In literature a number of different ammonia detection methods have been utilised with 
advantages and disadvantages for various experiments. The most common method is to use 
spectrophotometry to measure the amount of ammonia in solution by using a specific reagent 
or set of reagents that change colour based on the amount of ammonia in solution. Other less 
common methods include ion chromatography, conductivity, titration and ammonia selective 
electrode. Ion chromatography is an excellent analytical technique; however, is also an 
expensive piece of equipment hence colorimetric methods dominate. Conductivity tends to 
be used for ammonia being produced in the gas phase; this is a very accurate method for 
detecting minute amounts of ammonia in real time by passing outgoing gas through an acid 
trap and measuring the conductivity. Titration is a dated method where ammonia can be 
determined by pH and neutralisation via titration, this technique however is highly dependent 
on the operator and so can be prone to human error. Lastly, the ammonia selective electrode 
is a useful tool for measuring ammonia concentrations from electrochemical and 
photoelectrochemical set-ups, however, can be very temperamental to handle. 
3.5.1. Colorimetric 
There are a few well known methods of ammonia detection colorimetrically such as using 
Nessler’s reagent or using sodium hypochlorite and phenol reagents as a modified Berthelot 
reaction. In this current research, the modified Berthelot reaction is the process of choice 
mainly due to available chemicals and being less toxic than the mercury compound known as 
Nessler’s reagent. This modified Berthelot reaction uses a sodium hypochlorite and sodium 
hydroxide in one reagent solution, and sodium nitroprusside and phenol in another reagent. 
When an aliquot of the sample and even aliquots of the 2 reagents are mixed, after 45 
minutes an evenly distributed deep blue colour has formed based on the concentration of 
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ammonia in solution. This can be compared to calibration standards to determine the 
concentration in solution. 
Figure 3-11: Picture of a set of calibration standards made up via the modified Bertholet 
reaction to be measured spectrophotometrically (from left to right concentrations are as 
follows: 75 µM, 100 µM, 200 µM, 350 µM and 500 µM). 
3.5.2. Ion Chromatography 
Ion chromatography is a form of chromatography where ions and polar molecules can be 
separated and detected based on their attraction to the ion exchanger in the column. In 
principle it works by separating molecules in a solution with respect to their charged groups 
and how they undergo coulombic interactions with the ion exchange column. Effectively we 
can have two main different categories of ion chromatography which is where we have cation 
exchange chromatography and anion exchange chromatography, with multiple columns 
under both categories each specifically designed for a unique set of charged molecules. The 
cation exchange chromatography is where the column retains positively charged species 
because the stationary phase in the column has a functional group that is negatively charged. 
Meanwhile, anion exchange chromatography retains anions using a functional group that is 
positively charged. Therefore, cation exchange chromatography, with a particular cation 
exchange column, can be used to detect Group 1 and Group 2 metal ions such as Na+, K+ and 
Mg2+ as well as the ammonium ion (NH4+) in solution. 
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Chapter 4: Synthesis and 
photoelectrochemical studies of p-CuFe2O4  
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4.1. Introduction 
Visible light harvesting cathodic semiconductor materials are in significant demand for solar 
fuel production using photoelectrochemical (PEC) cells as well as in photovoltaic (PV) cells. 
Photocathodic materials with appropriate optical properties and favourable band energetics 
are particularly sought for use as photoelectrodes in PEC cells for light-driven reduction of 
nitrates and water.275,277 Metal oxides have earned their reputation as a highly promising class 
of photoelectrode material due to their inherent resistance to photo and chemical corrosion 
and affordability.212  
Despite the extensive body of work which has been conducted over the last few decades 
focusing on the development of new photocathodic semiconductor materials, there are still 
only a handful of metal oxides that are available today for use in solar harvesting devices (i.e. 
PEC cells and PV cells). These include Cu3Ta7O19,233 LuRhO3,278 Rh modified SrTiO3,279 
CuRhO2,280 CuNb3O8,230  NiO,281  CaFe2O4,228 CuFeO2,222 CuFe2O4,224,226 and copper oxides (CuO 
and Cu2O)216. In particular, CuO and Cu2O have been extensively investigated in solar energy 
harvesting applications.221 However, one of the key limitations of Cu2O is its redox instability 
due to the fact that oxidation (Cu2O/CuO) and reduction (Cu2O/Cu) potentials are positioned 
within its band gap.16 In general these materials either do not provide adequate light 
harvesting or they are not sufficiently stable for practical use.280 This highlights the pressing 
need of continuing efforts to find novel metal oxide based photocathodic semiconductor 
materials.  
In the present work, we report the preparation of CuFe2O4 electrodes on transparent 
conducting oxide coated glass substrates by aerosol-assisted chemical vapour deposition 
(AACVD) for the first time following similar AACVD reports on alternate materials.46,282–285 A 
process which involves the pyrolysis of an aerosol of a precursor solution containing a source 
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of Cu2+ and Fe3+ over a heated FTO substrate. Its initial optimisation for its photocathodic 
properties was conducted with subsequent analysis of its energetics. Here we show that 
CuFe2O4 has a band gap of 1.6 eV and absorbs most of the visible solar spectrum. This suggests 
that it has the necessary optical characteristics for use in solar energy harvesting devices (i.e. 
PEC cells and PV cells). CuFe2O4 electrode shows a cathodic photocurrent density of 0.30 mA 
cm-2 at 0.4 V vs. RHE in 1 M NaOH under AM1.5 illumination. Analysis of its energetics 
indicates that the valence and conduction bands are conveniently positioned to drive 
reduction reactions of nitrates, water and carbon dioxide in appropriate PEC cells. In the 
context of PV, CuFe2O4 is promising for use as the light harvesting component, hole transport 
phase or hole-extraction contact in an appropriate device configuration. 
4.2. Experimental 
4.2.1. Preparation of precursor solution and CuFe2O4 thin films 
Unless otherwise stated the conditions for synthesis of CuFe2O4 were as follows: a precursor 
solution containing iron (III) acetylacetonate (2.013 g, 0.057 M, 99%), dimethylethanolamine 
(0.6 mL, 0.03 M), copper (II) chloride (0.4034 g, 0.03 M, 99%) and trifluoroacetic acid (0.6 mL, 
0.09 M) was made up in methanol (100 mL, 99.8%) and stirred for 30 min. The resulting clear 
solution was evaporated to obtain a blue solid. The solid was then re-dissolved in methanol 
(250 mL, 99.8%) to give the final precursor solution for CuFe2O4 thin film deposition. Thin film 
photoelectrodes of p-CuFe2O4 were deposited by AACVD onto fluorine-doped SnO2 (FTO) 
glass substrates. Prior to the deposition, the FTO glass substrates (1 x 2 cm2) were 
ultrasonically cleaned with distilled water (50 mL, 18.2 MΩ), acetone (50 mL, 99.9%), 
isopropanol (50 mL, 99.7%) and then were finally stored in ethanol (50 mL, 99.8%). The 
substrates were dried in air prior to the deposition, and then placed on a hot plate at 600 oC. 
Prior to the deposition, the substrates were heated for at least 10 min to allow the 
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temperature of the substrate to equilibrate with that of the surface of the hotplate. In a 
typical deposition, a flask containing the appropriate precursor solution was placed above the 
piezoelectric modulator of an ultrasonic humidifier to generate an aerosol. Air at the rate of 
175 cm3min-1 was used as the carrier gas to transfer the aerosol to the deposition chamber 
through a second flask, where the large droplets were filtered from the aerosol stream, 
allowing only the fine aerosol droplets to be transferred to the deposition chamber. After the 
30 min deposition was complete, the films were allowed to anneal for 10 minutes on the 
hotplate at 600 oC.  
4.2.2. Materials and Optical Characterisations 
The phase and crystallinity of the films were characterized using a Bruker AXS Advance X-ray 
diffractometer with primary monochromatic high intensity Cu Kα (λ = 1.541 Å) radiation. The 
surface morphology of thin films was investigated using a field emission gun scanning electron 
microscopy (FEG-SEM, Jeol, Hertfordshire, UK) at an accelerating voltage of 5 kV and working 
distance of 5 cm. Optical characterisation of CuFe2O4 thin films was carried out by recording 
absorbance spectra using a Lambda 35 Perkin-Elmer UV-Vis spectrophotometer using an FTO 
glass substrate as the reference. A Tauc plot was constructed from the absorbance spectra in 
order to determine the optical band gaps of CuFe2O4. The incident photon to current 
conversion efficiency (IPCE) was obtained by measuring the wavelength-dependent 
photocurrent response to chopped illumination provided by a 75 W xenon lamp and a grating 
monochromator (TMc300, Bentham Instruments UK) combined with a lock-in amplifier 
(Bentham 485, Bentham Instruments UK) and a custom-built potentiostat. The incident 
photon flux was calibrated using a silicon diode. Photocurrent spectra using a combination of 
Readings were collected at 10 nm intervals while the wavelength was scanned from 300 to 
800 nm. 
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4.2.3. Electrical and photoelectrochemical characterisation 
Photoelectrochemical measurements were carried out in the same three-electrode 
configuration. The illumination source in synthesis and optimisation sections was a 150 W 
halogen lamp (Prior CL150), meanwhile in the final optimised sections, the illumination source 
was AM 1.5 class A solar simulator (16S – 300 solar simulator, Solar Light Co., Inc., PA, USA) 
equipped with a 300 W xenon lamp. The intensity of the light was calibrated at 100 mWcm-2 
using a class II pyranometer (PMA2144, Solar Light Co., Inc., PA, USA) equipped with a digital 
photometer (PMA2100, Solar Light Co., Inc., PA, USA). The electrode potentials were 
controlled by using a potentiostat (Autolab, PGSTAT12), and were measured against the 
Ag|AgCl|3 M KCl reference electrode potential. All potentials were converted to RHE. 
Photoelectrochemical measurements were carried out in a quartz cell, and the chopped J-V 
curves were obtained by interrupting illumination regularly in order to distinguish the 
photocurrent from the dark current. Modulated illumination for IMPS measurements was 
provided by a high intensity light-emitting diode (LED: 455 nm) controlled by a Thor Labs LED 
driver that allowed superimposition of sinusoidal modulation (typically less than 10%) on a 
DC illumination level. The sine wave signal was provided by a Solartron 1250 frequency 
response analyser. The intensity of the illumination was measured using a calibrated silicon 
photodiode. 
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4.3. Results and discussion 
4.3.1. Synthesis of Pure p-CuFe2O4 thin films. 
Initially, similar to previous AACVD synthesises of ZnFe2O4 and α-Fe2O3 thin films,277,284 pure 
phase p-CuFe2O4 thin films were attempted to be synthesised via the following precursor 
solution; 0.03 M Copper(II) Chloride (CuCl2), 0.06 M Iron (III) Acetyl acetonate (Fe(acac)3), 0.06 
M 2-Dimethylaminoethanol DMAE and 0.084 M Trifluoroacetic acid (TFA), dissolved in 
methanol. This precursor was then used via vertical AACVD (See experimental section) to 
produce nanostructured films at 600oC on FTO as photocathodes for photoelectrochemical 
water splitting. However, to begin with, we observed a hematite impurity at this temperature 
and precursor concentration, so the temperature and precursor concentration needed to be 
modified to provide phase pure p-CuFe2O4. XRD analysis (See figure 4-1) shows the α-Fe2O3 
impurity present at roughly 33.1o corresponding to the (104) reflection (ICSD 01-085-0599). 
Meanwhile, we observed reflections for CuFe2O4 at 30.2o, 30.8o and 35.8o, which can be 
indexed as the (112), (200) and (211) reflections, respectively (ICSD 00-034-0425). FTO 
substrate peaks can also be observed at 26.6o, 33.9o, 37.9o, 51.8o and 54.8o (ICSD 00-041-
1445). 
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Figure 4-1. XRD analysis of p-CuFe2O4 photocathode synthesised with a copper to iron 
precursor ratio of 1:2 and at a temperature of 600 oC between 20-60o. 
The temperature of deposition was then altered between 500 oC and 600 oC and analysed for 
its composition via Raman spectroscopy to identify any impurities still present. The 
photoelectrochemical performance was also tested to understand the effect this was having 
on the photocurrent. Unfortunately, Raman spectroscopy revealed that α-Fe2O3 was still 
observed in the thin films at all temperatures of deposition, with bonding modes at 229 cm-1 
(A1g), 249 cm-1 (Eg), 295 cm-1 (Eg), 302 cm-1 (Eg), 414 cm-1 (Eg), and 500 cm-1 (A1g) (See Figure 
4-2).277,286 Meanwhile spinel ferrites are known to have peaks between 460-660 cm-1 and 660-
720 cm-1 relating to octahedral and tetrahedral sites respectively,287 therefore some peaks 
can be assigned to CuFe2O4 as well. In terms of the photoelectrochemical performance of the 
thin films deposited at various temperatures (See figure 4-3), with 500 oC showing the highest 
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performances at lower potentials and 600 OC with highest performances at more negative 
bias potentials. Optical Absorption across the thin films synthesised at various temperatures 
was also investigated still revealing significant absorption across the visible spectrum with 
each variation of temperature (See Figure 4-4). 
 
 Figure 4-2. Raman spectra of various p-CuFe2O4 thin films produced at 600-500 oC with a 1:2 
copper to iron ratio. 
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Figure 4-3. Chopped IV curves between 0.3 V and -0.6 V vs Ag/AgCl, showing photocurrent 
response for various p-CuFe2O4 thin films synthesised between 500-600 oC temperature with 
a copper to iron ratio of 1:2. 
Figure 4-4. Optical absorption between 300-800 nm light for various p-CuFe2O4 thin films 
synthesised between 500-600 oC at a copper iron ratio of 1:2. 
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After changing the temperature failed to remove the impurity of α-Fe2O3 from the p-CuFe2O4 
thin films, the copper to iron ratio in the precursor was investigated, by reducing the Iron 
precursor concentration to reduce the ratio to 1:1.9, 1:1.8 and 1:1.7 at both 550 oC and 600 
oC. Initially, all thin films were analysed by Raman spectroscopy to determine which copper 
to iron ratio had no α-Fe2O3 impurity present (See Figure 4-5). Here we observed the α-Fe2O3 
completed removed at a copper to iron ratio of 1:1.9 at 600 oC meanwhile all others still 
showed varied amounts of the α-Fe2O3 impurity. This was then followed up with XRD analysis 
to provide additional proof that the α-Fe2O3 impurity had been removed (See figure 4-6). This 
revealed that for both 1:1.7 and 1:1.9 copper to iron ratio for p-CuFe2O4 thin films produced 
at 600oC showed no α-Fe2O3 impurity present at 33.1o anymore. However, as seen from the 
previous Raman analysis, on 1:1.9 ratio had no impurity left. In order to ensure p-CuFe2O4 
was still being obtained a high resolution scan over the 28-32 2θ range was conducted for the 
1:1.9 ratio sample so that we could still observe the (112) and (200) reflections at 30.2o and 
30.8o respectively (See figure 4-6b). Finally, absorption spectra were obtained once more, 
across all samples still showing a strong absorption over the visible region (See figure 4-7). 
Figure 4-5. Raman spectra of various p-CuFe2O4 thin films between 100 and 1100 cm-1with 
varied copper to iron ratios between 1:1.9 and 1:1.7 synthesised at (a) 600 oC and (b) 550 oC. 
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Figure 4-6. (a) XRD analysis of various p-CuFe2O4 thin films synthesised at 600 oC between 10o 
and 60o with a copper to iron ratios varied from 1:1.9 to 1:1.7 and (b) Hi-Res XRD analysis of 
a p-CuFe2O4 thin film produced at 600oC between 28o and 32o with a copper to iron ratio of 
1:1.9. 
 
 
Figure 4-7. Optical absorption between 300-800 nm for p-CuFe2O4 thin films produced at (a) 
600oC and (b) 550oC. 
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Now that phase pure p-CuFe2O4 has been obtained with no impurity observed, 
photoelectrochemical studies were conducted once more (see figure 4-8). Interestingly, 
impure CuFe2O4 revealed a higher photocurrent with up to 0.5 mAcm-2 at -0.6 V vs Ag/AgCl 
negative bias potential, meanwhile pure CuFe2O4 only showed up to 0.2mAcm-2 at 0.6 V vs 
Ag/AgCl negative bias potential. Therefore, the impure samples show seemingly improving 
the overall photocurrent and further study on this would be an interesting venture in the 
future. 
Figure 4-8. Chopped IV curves of between 0.3 V and -0.6 V vs Ag/AgCl, showing the 
photocurrent response of pure and impure p-CuFe2O4 thin films made between 500-600 oC. 
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4.3.2. Photocurrent Optimisation of Pure p-CuFe2O4 
Since pure phase p-CuFe2O4 is now obtainable through the temperature and copper to iron 
ratio study discussed previously, optimisation of the synthesis procedure is now necessary to 
produce the highest possible performing photocathodes for photoelectrochemical hydrogen 
production. The AACVD process (see experimental section), via which CuFe2O4 electrodes are 
made, requires intensive optimisation due to the large number of factors that can possibly 
influence the end outcome of the film. A number of these factors and their influence on the 
photocurrent of this material were investigated in the following order: 
• Time of deposition 
• Flow rate 
• Preheating time 
• Annealing time 
• Annealing conditions 
• Depth of the nozzle 
• Electrode width 
For a full comparison please see table 4-1, at the end of this section describing the optimum 
conditions for each parameter to be utilised for optimised photoelectrodes. 
Firstly, optimising the time of deposition allowed film thickness to be optimised with 
photoelectrochemical performance of thin films (see figure 4-9). If deposition time is too 
short, then it’s possible for not enough material to have deposited on the substrate leading 
to a reduction in the film photocurrent. But if a deposition time is too long, it could lead to 
collapse of any nanostructure that had formed on the surface due to the nature these films 
are grown by AACVD. After investigating deposition times between 10-40 minutes were 
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investigated, the highest photocurrent performance was observed at 30 minutes, with longer 
times causing a reduction in photocurrent at all potentials investigated. 
 
Figure 4-9. Chopped IV curves between 0.3 and -0.6 V for various p-CuFe2O4 thin films 
produced at varied times of deposition between 10 and 40 minutes. 
As seen in the experimental section, vertical AACVD as conducted here requires two air flows, 
one flowing over the aerosolised precursor solution in the 1st round bottom flask, pushing the 
aerosol through to a 2nd round bottom flask. At this flask, a faster flow rate was introduced 
which effectively removes any heavy droplets, only pushing the remaining smaller droplets of 
precursor aerosol to the heated substrate. Initially, thin films were produced by an initial air 
flow of 59 cm3min-1 with a secondary flow of 2456 cm3min-1, therefore to optimise flow rate 
the initial flow was varied between 59 and 175 cm3min-1, with the secondary flow 
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compensated to always produce a total flow 2515 cm3min-1, as to not affect the thickness of 
the films. By varying this initial flow, we affect the droplet size reaching the substrate, with 
larger droplets being able to reach the substrate surface at higher flow rates. This would affect 
the morphology of the surface with larger droplets likely leading to larger features in the 
nanostructure forming on the substrate surface. The photocurrent response revealed that a 
flow rate of 175 cm3min-1 with a total flow of 2515 cm3min-1 had the highest photocurrent at 
negative bias potential and very similar photocurrent at lower potentials (see figure 4-10). 
Figure 4-10. Chopped IV curves between 0.3 and -0.6 V for various p-CuFe2O4 thin films 
produced at varied initial flow rates between 59 cm3min-1 and 175cm3min-1.  
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Figure 4-11. Chopped IV curves between 0.3 and -0.6 V for various p-CuFe2O4 thin films 
produced at varied substrate preheating times between 0 and 25 minutes. 
Substrate preheating time was also investigated, although some preheating of the substrate 
was always conducted, it hadn’t been formally investigated to understand at what time the 
substrate was hot enough to produce higher performance electrodes. If the substrate was not 
preheated to the right temperature, then the phase and purity of the sample could have been 
in question. Photoelectrochemical performance was investigated to find that at least 10 
minutes of preheating is required for optimum potentials at negative bias potentials with not 
much variation in the photoelectrode performance after this time (See figure 4-11). If there 
is no preheating conducted, then up to a 50% reduction in photocurrent is observed at all 
potentials scanned. 
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Figure 4-12. Chopped IV curves between 0.3 and -0.6 V for various p-CuFe2O4 thin films 
produced at varied substrate Annealing times between 0 and 30 minutes. 
Annealing time is an important factor where electrodes are left on a hotplate at 600oC for a 
certain amount of time after the deposition has finished, it affects both the crystallinity and 
the nanostructure morphology of the film. If no annealing is conducted, you may have a range 
of crystallinity between the material first deposited at beginning of deposition and that of 
material deposited at the end. On the other hand, if annealed for too long, then sintering 
could occur destroying the nanostructure produced by the AACVD technique, therefore 
affecting surface area and photoelectrochemical activity. The photoelectrochemical 
performance was tested with respect to changes in this annealing time and found that 
performance at negative bias potentials was highest with 10 minutes annealing time whereas 
any longer causes a reduction in photocurrent performance (see figure 4-12). 
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Figure 4-13. Chopped IV curves between 0.3 and -0.6 V for various p-CuFe2O4 thin films 
produced with varied annealing conditions between open to enclosed.  
Now that it is observed that annealing is indeed required, a study investigating the annealing 
conditions the annealing was carried out in was done, to observe the best method of 
annealing p-CuFe2O4 thin films. In addition, p-CuFe2O4 thin films were removed without 
annealing and then annealed later, but this caused a lower performance of the electrodes 
when compared to those where they were annealed straight after deposition. Annealing 
conditions were varied between open and enclosed. Semi-enclosed was the typical annealing 
condition done for synthesis of thin films where the air flow was turned off and the cup and 
nozzle over the electrode were left in place. Open was when the cup over the electrode was 
removed and enclosed was when a cup and nozzle were replaced with a cup with no hole to 
outside atmosphere. All in all, semi-closed produced the best photocurrent at all potentials 
observed, while open to atmosphere severely reduced activity of electrodes (see figure 4-13). 
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Figure 4-14. Chopped IV curves between 0.3 and -0.6 V for various p-CuFe2O4 thin films 
produced with varied nozzle depths into the deposition cup.  
The nozzle depth was another factor that had been ignored until now, with most depositions 
the depth was loosely estimated and controlled to be approximately the same for each 
deposition. The nozzle here is the open glass connection where the aerosolised air flow exits 
from the synthesis apparatus and falls onto the heated substrate, with the depth measured 
versus the top of the deposition cup. If the depth is higher above the substrate then the 
aerosolised droplets would be sparsely distributed over the substrate with more droplets 
missing the substrate onto the hot plate. However, if the depth is lower closer to the substrate 
then the entire conductive substrate would be covered with an even coating of material, with 
a thicker coating in the middle of the substrate. Photoelectrochemical performance saw an 
optimum depth at 1 cm from the top of deposition cup to produce optimum photocurrents, 
with worse performance at 1.3 cm due to uneven film thicknesses (see figure 4-14). 
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 Figure 4-15. IV curves between 0.3 and -0.6V for various p-CuFe2O4 thin films, with a dark 
current comparison, produced with varied electrode areas. 
After previous optimisations showing improvements in photocurrent over changes in various 
factors in the synthesis procedure, electrode width was varied to observe if scaling the 
performance up was possible. A larger electrode area with the same current density would 
overall produce higher currents for water splitting or other photoelectrochemical reactions, 
increasing possible yields. With photoelectrochemical performance no reduction in 
performance at very negative bias potentials were observed however, at lower negative 
potentials a higher photocurrent was observed at smaller electrode widths. Another 
unfortunate consequence of higher electrode width was that film thickness was visibly 
uneven after synthesis, with areas of the electrode visibly different in colour.  
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Table 4-1. Summary Table of the optimum conditions found for each different factor that was 
varied 
 
4.3.3. Optimised p-CuFe2O4 Materials Characterisation 
Now that the pure phase p-CuFe2O4 photoelectrode synthesis procedure has been optimised, 
full materials characterisation was conducted utilising X-ray diffraction, Raman spectroscopy, 
energy dispersive x-ray spectroscopy and scanning electron microscopy. The X-ray diffraction 
(XRD) and Raman spectra of the films are shown in figure 4-17a and 4-17b, respectively. The 
XRD pattern of the CuFe2O4 phase shows that it adopts a tetragonal crystal structure and 
shows reflections at 29.9°, 30.6° and 35.9° which are indexed as the (112), (200) and (211) 
reflections, respectively, showing a preferred orientation in the (211) direction. It is well 
known for spinel ferrites that Raman peaks observed in the range of 460-660 cm-1 correspond 
to modes of the octahedral site, while peaks seen in the range of 660-720 cm-1 correspond to 
Time of deposition A deposition time of 30 minutes showed the best photocurrent 
performance at all potentials. 
Flow rate A higher initial flow rate of 175 cm3min-1 showed the highest 
improvement in photocurrent only at very negative bias potentials. 
Preheating time At least 10 minutes of preheating is required for better 
photocurrent only at very negative bias potentials. 
Annealing time An annealing time of 10 minutes is needed for higher photocurrent 
only at negative bias potentials. 
Annealing conditions A semi-enclosed environment revealed this highest performance 
at all potentials. 
Depth of nozzle A nozzle depth of 1 cm was found to produce higher photocurrent 
at all potentials. 
Electrode width Electrode width showed similar photocurrent at very negative bias 
potentials, where smaller electrode widths show better low 
potential performance. 
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modes of the tetrahedral site.287 Therefore the peaks observed at 350, 485 and 680 cm-1 were 
confirmed to be for CuFe2O4 as they match well with the literature reported values for spinel 
ferrites.284,287 There were no signs of the presence of a delafossite phase (CuFeO2) in the XRD, 
Raman or energy dispersive X-ray (EDX) spectroscopic data see (figure 4-16a), which has been 
recently reported as a photocathodic material.222  
Figure 4-16: EDX spectra of CuFe2O4 films deposited by AACVD before degradation (a), after 
degradation at 0.65 V vs. RHE at AM 1.5 illumination for 1 hr. 
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The surface morphology and cross-section of the CuFe2O4 electrodes was determined by 
field emission gun scanning electron microscopy (FEG-SEM) and typical images are presented 
in figures 4-17c and 4-17d. The topographical SEM image (see figure 4-17c) of CuFe2O4 shows 
that the film has a highly porous structure resulting in a relatively large internal surface area. 
From the topographical view, the nanostructure seems to be constituted of platelets with 
dimensions ranging from 200 x 400 nm2 to 100 x 200 nm2. The corresponding cross-sectional 
SEM image confirms that the porous film is formed by plate-like CuFe2O4 features growing 
from the FTO substrate (figure. 4-17d). The average height of individual features is in the 
order of 1 µm. 
Figure 4-17: (a) XRD and (b) Raman spectra of CuFe2O4 thin films deposited by AACVD at 600 
oC (c) surface and (d) cross-sectional SEM image of a CuFe2O4 thin film. 
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4.3.4. Optimised p-CuFe2O4 Optical Characterisation 
The optical absorption spectrum of optimised CuFe2O4 thin films is shown in figure 4-18a. The 
CuFe2O4 film exhibits excellent absorbance properties in the visible region of the spectrum, 
with the light absorption onset starting at ~775 nm and an absorption maximum observed at 
~475 nm. The inset shows a Tauc plot for the CuFe2O4 film which indicates that the material 
has an optical band gap of 1.6 eV, which corresponds well with the dark brown/black colour 
of the film.  
The IPCE spectrum of the CuFe2O4 film measured in 1 M NaOH at 0.4 V vs. RHE is shown in 
figure 4-18b. A maximum IPCE of around 14% is recorded at 425 nm, while the onset occurs 
at around 500 nm. The mismatch between IPCE and optical absorption spectra suggests that 
a proportion of the light absorbed in the visible region of the spectrum does not result in 
charge generation/separation. Similar characteristics have also been seen for other spinel 
ferrite semiconductors such as CaFe2O4 and ZnFe2O4.228,284 Absorption of UV light (high energy 
region) corresponds to a direct transition (O2- 2p → Fe3+ 3d charge transfer), whereas 
absorption of visible light (low energy region) corresponds to an indirect (spin forbidden Fe3+ 
d → d transition).288,289 Therefore, one possible explanation according to Ida et al.228 is that it 
is likely that electrons and holes generated by visible light absorption related to the indirect 
transition will tend to recombine faster thus resulting in a low quantum efficiency in the 
visible region. However, in reality, once a photoelectron has been generated, regardless of 
whether it originated from a direct or indirect transition, it should have an equal probability 
of recombining, thus this cannot be a suitable explanation. Figure 4-18b shows the IPCE of a 
CuFe2O4 photoelectrode when illuminated from the substrate and electrolyte side. At larger 
wavelengths (> 600 nm) both IPCE spectra match, however at small wavelengths (< 600 nm), 
the IPCE for the electrolyte side illuminated measurement is higher. This suggests that the 
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difference in the IPCE and absorbance onset could be due to an artefact arising from UV light 
scattering in the IPCE spectrum. Light scattering could be the cause of this enhancement in 
the UV region as the wavelength of UV light is similar to that of the voids between the nano-
platelet like structure. When illuminated from the substrate side, the photons are not 
scattered by the nanostructure, therefore no IPCE enhancement in the UV region is observed. 
Figure 4-18: Absorbance spectrum (a) of a CuFe2O4 thin film prepared by AACVD at 600 oC. 
The inset (top-right) shows a Tauc plot which estimates the optical band gap of a CuFe2O4 film 
to be 1.6 eV. The inset (bottom left) shows the appearance of the CuFe2O4 film. (b) IPCE 
spectrum of a CuFe2O4 film, prepared by AACVD, in a three-electrode configuration in 1 M 
NaOH at 0.4 V vs. RHE.  
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4.3.5. Optimised p-CuFe2O4 Photoelectrochemical Characterisation 
The photoelectrochemical (PEC) measurements of CuFe2O4 were performed in 1 M NaOH 
aqueous electrolyte by illuminating the electrode from the electrolyte side with 1.5 AM 
simulated light. The current-voltage characteristics of a typical AACVD grown CuFe2O4 
photoelectrode (over a period of 30 minutes and post annealed for 15 minutes) is shown in 
figure 4-19a. The photocurrent response increases steeply with applied potential without 
reaching saturation. This suggests that the thickness of the space charge region is smaller than 
the characteristic dimensions of the platelets (a few hundred nm). As GC hydrogen detection 
experiments were unsuccessful due to low currents, to eliminate any other sources of current, 
the current-voltage curves were measured both with and without de-gassing the electrolyte 
solution with argon gas. Figure 4-19a shows virtually no difference in the J-V characteristics, 
thus eliminating the oxygen reduction reaction as a possible source of the photocurrent. Thus, 
the resulting photocurrent could only be due to the HER or degradation of CuFe2O4. The net 
photocurrent of the optimized CuFe2O4 electrode was around 0.30 mA cm-2 at 0.4 V vs. RHE, 
with the photocurrent onset starting at around 1.1 V vs. RHE. The stability of the photocurrent 
of the CuFe2O4 electrodes in 1 M NaOH under AM 1.5 illumination as function of time is shown 
in figure 4-19b. The stability measurements were conducted at 0.65 V vs. RHE as the dark 
current was still negligible at this potential. The stability measurements show that the 
photocurrent decays by 80% during the first 10 mins of illumination, before reaching a 
plateau, after which no degradation is seen during a further 50 mins of illumination. A similar 
degradation trend has been observed for an n-type BiVO4. In that case, the initial 
photodegradation has been attributed to migration of Bi to the electrode surface, after which 
the photocurrent stabilizes showing no further decay.290 A similar process could be the cause 
of the initial photocurrent decay in the CuFe2O4 photoelectrodes. The EDX analysis (see figure 
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4-16) shows that the Cu:Fe ratio at the surface of the electrode changes from 1:2 to 1:1.8 
after the stability test. This suggests that copper could be migrating to the surface during the 
degradation process. A thorough analysis of the mechanism of photocurrent decay will be the 
subject of a further study. The photocurrent retained after 1 hr of illumination shows that the 
CuFe2O4 photoelectrode shows considerably better stability than the bare copper oxide 
electrodes, which show a negligible photocurrent after only 10 mins illumination.16,219  
Figure 4-19: (a) Current-voltage curves for a CuFe2O4 films  in 1 M NaOH under simulated AM 
1.5 illumination at a scan rate of 0.01 V/s. The current-voltage curves were measured both 
with and without purging the electrolyte with argon. (b) Stability of a CuFe2O4 film under 
simulated AM 1.5 illumination in 1 M NaOH at 0.65 V vs. RHE against time. 
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The intensity modulated photocurrent spectroscopy (IMPS) response of a CuFe2O4 
photoelectrode is shown in figure 4-20 at various applied potentials. As mentioned in the 
electrochemical impedance spectroscopy theory section (See Chapter 2) the rate constants 
for charge tranfer (ktrans) and charge recombination (krec) can be extracted from the semicircle. 
ktrans and krec extracted from the IMPS response is shown in figure 4-21 as a function of applied 
potential. The IPCE data extracted from the IMPS also allows us to calculate the flatband 
potential via plotting [-ln(1-IPCE)]2 vs applied potential (see figure 4-22), the x axis intercept 
is of this linear relationship gives the flatband potential for p-CuFe2O4 to be 0.3 V vs RHE. As 
the flatband potential gives us the conduction band energy as -0.3 eV we can utilise the band 
gap, determined earlier (See figure 4-18a) to determine the valence band energy to be 1.3 
eV. Therefore, the conduction band and valence band energies effectively cover the hydrogen 
evolution reaction, water oxidation, nitrate reduction and nitrogen reduction potentials for 
use across the whole photoelectrochemical field. 
Figure 4-20. IMPS response of CuFe2O4 under blue (470 nm) LED illumination at 2 V DC input 
with 200 mV AC modulation in 1 M NaOH. IMPS responses are reported at various applied 
potentials vs. Ag|AgCl. 
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Figure 4-21. Rate constants for charge transfer (ktrans) and recombination (krec) for CuFe2O4 
under blue (470 nm) LED illumination at 2 V DC input with 200 mV AC modulation in 1 M NaOH. 
Figure 4-22. Data extracted from IMPS plots to determine flatband potential of CuFe2O4. The 
flatband potential is equal to the x-axis intercept which equals 0.3 V vs. Ag|AgCl. 
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4.4. Conclusions 
Polycrystalline thin films of cathodic CuFe2O4 have been fabricated on FTO-coated glass 
electrodes by AACVD. Optical absorbance studies showed that CuFe2O4 has a band gap of 1.6 
eV and is capable of harvesting almost the entire visible solar spectrum. A photocurrent of 
0.30 mAcm-2 was observed in 1 M NaOH at 0.4 V vs. RHE in AM1.5 illumination, and the films 
showed a maximum IPCE of 14%. The material has conduction and valence band energies of 
-0.3 V and 1.3 V vs. RHE respectively, which make it highly attractive for driving the HER. 
CuFe2O4 also shows promise for use in PV cells as the light harvesting component, hole 
transport phase or hole-extraction contact in an appropriate device configuration. After 
extensive optimisation hydrogen measurements were still not possible due to its poor 
photoelectrochemical stability and performance. Therefore, CuFe2O4 is not an ideal material 
to test for nitrogen and nitrate reduction reactions, as they are fundamentally harder to 
achieve.  
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Chapter 5: Investigating Semiconductor 
Photocatalysts for Photocatalytic 
Ammonia Production 
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5.1. Introduction 
After initial studies into copper ferrite as a possible semiconductor for photoelectrochemical 
production of ammonia yielded a lack of stability and therefore could not be utilised for 
nitrogen or nitrate reduction to an appreciable degree (see chapter 4). Therefore, research 
moved on towards looking at photocatalytic powders as a route to ammonia production via 
nitrogen fixation or nitrate reduction. Current ammonia production methods utilise high 
temperatures and pressures via the Bosch-Haber process,291 however, in nature nitrogen can 
be fixated from the environment using enzymes such as nitrogenase at room temperature 
and pressure under a controlled pH.292 Meanwhile, nitrate is well-known for being considered 
a pollutant, with the aim here to provide a method of reduction back to a useful product of 
ammonia.155,156 With ammonia production costing 1-2% of the world’s energy supply every 
year,20,21 it is key for the future environmental benefits that an alternative method of 
generating ammonia is developed. Utilising some of the 165 thousand unused terawatts of 
solar energy hitting the earth’s surface every day would be an ideal renewable source if 
efficiencies and yields can be developed into a cost efficient method of production of 
ammonia.40 
There have been plenty of examples of previous photocatalysts to produce ammonia 
photocatalytically, to name several: TiO2 and doped M-TiO2,32,52,59 ZnO and doped M-ZnO, 59 
SrTiO3 and doped M-SrTiO3,59 CdS and doped M-CdS,59,77 GaP and doped M-GaP,59,275 AgI and 
Ag2O,61 WO3 and doped M-WO3,63 RuO2,63 Fe2O3,66 Cu2O,67 Sm2O3 and Eu2O3.70 Although there 
has been studies in this subject area since the initial discovery was made in 1977,32 there has 
been difficulties when it comes to improving yields for either reaction. The amounts of 
ammonia being produced by these photocatalysts has also led to some scepticism and 
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criticism from certain members of the academic community into whether these results can 
be trusted and some to go as far as discrediting this previous work.85,293,294 Meanwhile, 
scrutinising previous work due to ‘limit of detection’ amounts of ammonia being produced, 
they had also found it hard to reproduce many of the results that had previously shown for 
photocatalytic ammonia production. 
Therefore, in light of previous experiments and the scrutiny that goes with them, this chapter 
looks into photocatalytic materials that may have already been studied before in the 
literature, although some were developed via different methods. In order to discover which 
photocatalysts are active for photocatalytic ammonia production and worthy of further 
experimental study. Powders which have been done before that were relooked at include 
Cu2O, CuO, ZnO, TiO2 and doped M-TiO2. However, CuFe2O4 and NiFe2O4 ferrites and Bi2Ti2O7 
pyrochlores have also been studied both due to their recent utilisation in our laboratory and 
due to their recent developments in literature with the hydrogen evolution reaction from 
water photoreduction.295–300  
5.2. Experimental 
5.2.1. Preparation of Commercial Powders 
Powders of copper (I) oxide, copper (II) oxide and zinc (II) oxide were all commercial powders 
(Sigma Aldrich, Fluka) of particle size of <5 µm, and 99% with trace metals basis. These 
powders were washed multiple times with deionised water multiple times (3x100 mL, 18.2 
MΩ) and dried in an air oven at 70 oC for 16 hours. The dried powders were then ground by 
mortar and pestle for photocatalytic studies in the Lelesil photochemical reactor. 
5.2.2. Preparation of Ferrite Nanopowders 
Spinel ferrites were synthesised by co-precipitation(MFe2O4, M= Cu and Ni) using respective 
metal nitrates at reagent grade, following a modified method based on Sutka et al previous 
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methodology.297 Reagent grade Cu(NO3)2.3H2O (2.416 g, 99%), Fe(NO3)3.9H2O (8.080 g, 98%), 
Ni(NO3)2.6H2O (2.9079 g, 98.5%), and KOH were all purchased from Sigma Aldrich. A solution 
of M(NO3)x.yH2O and Fe(NO3)3.9H2O were made up in DI H2O (50 mL, 18.2 MΩ) at 0.2 M and 
0.4 M respectively. 5 M KOH (85%, Sigma Aldrich) in DI H2O (100 mL, 18.2 MΩ) can then be 
used as a precipitator and is added drop wise generating a dark brown precipitate. Once the 
pH reaches pH 12, no more KOH is added, and the suspension is stirred and heated at 80 oC 
for 3 hours. The precipitate remaining can then be washed (DI H2O, 3x100 mL, 18.2 MΩ), 
filtered and dried in an air oven at 70 oC for 24 h. After the powder is dry, it is ground with a 
mortar and pestle and annealed at 800 oC for at least 3 hours. 
5.2.3. Preparation of Bi2Ti2O7 Pyrochlore 
Nitric Acid (ACS reagent, 70%), bismuth (III) nitrate pentahydrate (Sigma Aldrich, reagent 
grade, 98%), titanium isopropoxide (Sigma Aldrich 99.999% purity), iron (III) nitrate 
nonahydrate (ACS reagent, 98%) and ammonia solution (1 M, reagent grade) were utilised in 
this synthesis. Following a literature reported synthesis procedure,299 titanium isopropoxide 
and bismuth nitrate solution was made (0.1:0.1 M, 50 ml, 1 M nitric acid). After vigorous 
stirring ammonia was added slowly (50mL) to increase the pH and a precipitate slowly formed 
and allowed to settle. After which the supernatant was remove and precipitate separated 
through centrifugation (6000 RPM), and thoroughly washed (DI H2O, 3x100 mL). The 
remaining precipitate was then oven dried at 70 oC overnight (approx. 16 hr) and then 
calcined in a furnace at 600 oC for 4 hours in the presence of Bismuth (III) oxide (Sigma Aldrich, 
98%). 
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5.2.4. Synthesis of Graphitic Carbon Nitride 
Graphitic carbon nitride (g-C3N4) synthesis was completed following the same procedure as 
previously described in literature.301 Here, Urea (10 g, Sigma Aldrich, 98%, reagent grade) was 
ground with a pestle and mortar and placed in a ceramic crucible and dried at 70 oC overnight 
(approx. 16 hr). Then the crucible was enclosed with a lid and heated up to 550 oC and held 
at that temperature for 3 hours, this allowed the poly-condensation reaction to take place. 
After this, the remaining powder is allowed to cool to room temperature (25 oC) and washed 
with nitric acid (0.1 M, ACS reagent, 70%) in DI H2O (250 mL, 18.2 MΩ) to remove any 
ammonia that could have formed during the synthesis procedure. The g-C3N4 was washed 
further DI H2O (3x100 mL, 18.2 MΩ) to remove any nitric acid remaining on the powder and 
dried overnight (approx. 16 hr). 
5.2.5. Microwave Synthesis of Pd-TiO2 Nanopowder 
A solution mixture of Ti(OC3H7)4 (3.819 mL, 12.9 mmol, Sigma Aldrich 99.999% purity) and 
Pd(NO3)2 (0.0922 g, 0.4 mmol, Alfa Aesar 99.9% trace metals purity) were fully dissolved in DI 
H2O (20 mL, 18.2 MΩ). After vigorous stirring for 2 h, the solution was added to a 20 mL quartz 
microwave reaction vial with a magnetic stirrer. This reaction vessel was then microwave 
heated to 150 oC and held there for 3 minutes at roughly ~11 bar overpressure. This 
microwave assisted synthesis was achieved using a Biotage Initiator EXP 8 reactor (see figure 
3-6 and 5-1). The nanopowder suspension changes colour from an off white to black after 
irradiation in the microwave reactor, the nanopowder is then separated by centrifuging and 
dried overnight (approx. 16 hr) in an air oven at 70 oC. Results obtained from this nanopowder 
was then compared to Titanium (IV) oxide nanopowder (Sigma Aldrich, P25 
nanopowder >99.5% trace metals basis), which was also utilised in the photocatalytic reactor. 
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These powders were then prepared for photocatalytic use as was previously done by washing 
with DI H2O (3x100 mL, 18.2 MΩ), drying (70 oC, approx. 16hr) and ground with a mortar and 
pestle.302 After microwave ammonia production was discovered via the palladium nitrate 
precursor (See Chapter 7), palladium chloride (PdCl2) (0.0709 g, 0.4mmol, Sigma Aldrich, 
99.999% trace metals purity) was utilised as the palladium precursor instead. 
Figure 5-1. Experimental details of microwave synthesis of M-TiO2 powders showing 
pressure, temperature and power over time of synthesis. 
5.2.6. Microwave Synthesis of M-TiO2 Nanopowder 
Following the same synthesis technique described previously (Chapter 5.2.5), titanium (IV) 
isopropoxide (3.819 mL, 12.9 mmol, Sigma Aldrich 99.999% purity) and the corresponding 
MClx.nH2O (Sigma Aldrich, reagent grade), in the place of PdCl2, were dissolved DI H2O (20 mL, 
18.2 MΩ). Metal dopants investigated included: Iron (0.1081 g, 0.4 mmol, FeCl3.6H2O, 99%), 
Copper (0.0682 g, 0.4 mmol, CuCl2.2H2O, 99%), Nickel (0.0951 g, 0.4 mmol, NiCl2.6H2O, 99%) 
and Magnesium (0.0813 g, 0.4 mmol, MgCl2.6H2O, 99%). 
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5.2.7. Materials Characterisation 
Powders were characterised by a Bruker D8 Advance X-ray diffractometer (XRD) with 
monochromatic Cu Kα (λ = 1.54 Å) in reflection geometry using a Lynxeye PSD detector. 
Reflections were observed over a 2θ range of 10-80o using a step size of 0.0039o and a time 
per step of 2.1 s. The phase and crystallinity of produced powders were then analysed for 
known reflections for each material and phase. The surface composition of photocatalytic 
powders was analysed using XPS analysis to reveal percentage levels of dopant on the surface 
of TiO2 powders. Measurements were conducted with a thermo scientific spectrophotometer 
(model K-α) over a 400 µm2 area. 
5.2.8. Photocatalytic studies 
Photocatalytic studies were conducted in a 1000 mL Lelesil Innovative Systems photochemical 
reactor under either 400 W UV or 400 W visible lamps. In a typical photocatalytic reactor 
experiment 0.5 g of photocatalyst was suspended in DI H2O (400 mL, 18.2 MΩ) and stirred for 
3 hours under irradiation under a flow of nitrogen (350 cm3min-1). The system was flushed 
with nitrogen under the same flow for 30 minutes before the start of each reactor run; 
temperature was also controlled (25 oC +/- 5 oC) for each reactor run utilising a cooling jacket 
around the lamp and the system was stirred at 600 RPM. For photocatalytic powders where 
a hole scavenger was needed; EtOH (99.8%) was added (Sigma Aldrich) in varying ratios with 
DI H2O (ratios stated with results), after initial tests without a hole scavenger present showed 
no positive results.  
For photocatalytic nitrate reduction, each powder was additionally tested for photocatalytic 
nitrogen reduction first to ensure no ammonia was detected without the presence of nitrate 
ions in solution. Nitrate was added before irradiation to make up a concentration of 122 ppm 
KNO3 (99%, 7.913 mL of 0.1 M in 100mL DI H2O stock solution) in DI water (400 mL, 18.2 MΩ). 
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5.2.9. Ammonia Detection 
Ammonia was detected via the Berthelot colorimetric method reported by Grayer et al.260,303 
This modified Berthelot reaction utilised two individual reagents that when mixed in a 
solution containing NH3 (1 µM – 400 µM) would change the colour of solution from colourless 
to blue by producing the dye molecule indophenol blue.304 Phenol reagent: Phenol (3.0 g, 
Sigma Aldrich, 98%) and sodium nitroferricyanide (0.015 g, Sigma Aldrich, ≥99%) were 
dissolved in DI H2O (50 mL, 18.2 MΩ) and stored at 3 oC. Sodium hypochlorite reagent: Sodium 
hydroxide (1.5 g, Sigma Aldrich, ≥97%) and sodium hypochlorite solution (2.4 mL, Sigma 
Aldrich, >8% active chlorine) were dissolved in DI H2O (50 mL, 18.2 MΩ) and stored at 3 oC. 
Procedure: 0.5 mL of both reagents was added to 2 mL of diluted sample (1 mL sample and 1 
mL DI H2O) and compared to calibration standards via the same method. Spectrophotometric 
measurements were conducted across wavelengths 400-800 nm on a Lambda 35 Perkin Elmer 
UV-Vis spectrophotometer and absorbance analysed at 630 nm specifically and compared to 
a set of calibration standards (See figure 5-2).  
Figure 5-2. Calibration graph of NH4Cl standards analysed via the modified Berthelot 
colorimetric method described above. 
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5.3. Results and Discussion 
5.3.1. Copper Oxides 
Copper (II) Oxide (CuO) and Copper (I) Oxide (Cu2O) are well known semiconductors often 
utilised in photoelectrochemical hydrogen production,221,245 however they have also shown 
promise for photocatalytic ammonia production in literature.67,273,305,306 It is well-known that 
CuO and Cu2O have band gaps of 1.3-1.6 eV and 2 eV respectively, depending on synthesis 
method, with suitable band edges for hydrogen production. But, as both materials have 
suitable negative conduction bands they could also be applied to both photocatalytic nitrogen 
and nitrate reduction reactions.16,221,231 Commercial powders of both CuO and Cu2O were 
characterised by XRD analysis (See figure 5-3). CuO showed reflections at approximately 
32.5o, 35.5o, 38.6o, 46.2o, 48.7o, 53.4o, 58.3o, 61.5o,65.7o, 66.2o, 68.1o, 72.4o and 75.0o 
corresponding to (110), (002). (111), (112), (202), (020), (202), (113), (022), (311), (022), (311) 
and (004) respectively, as a monoclinic phase of CuO.307 Meanwhile Cu2O revealed reflections 
at 29.6o, 36.5o,42.4o, 52.6o, 61.6o, 73.7o and 77.6o relating to (110), (111), (200), (211), (220), 
(311) and (222) reflections respectively (ICSD 01-077-0199). 
Figure 5-3. XRD analysis of (a) CuO and (b) Cu2O commercial powders. 
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Now that both commercial powders were proven to be CuO and Cu2O, their photocatalytic 
activity for nitrogen and nitrate reduction were studied both with and without the use of 
ethanol as a hole scavenger. Unfortunately, no ammonia was observed in either reaction 
tested (See Table 5-1 and 5-2) under visible light irradiation. This could be due to their known 
high activity for the competing hydrogen evolution reaction or in the nitrate reduction case 
its selectivity for N2 production is also apparent in photoelectrochemical NOx reduction 
studies.16,216,273 Due to these photocatalysts showing no activity for both nitrogen and nitrate 
reduction reactions, they were not characterised or studied further. 
5.3.2. Zinc Oxide 
Zinc Oxide (ZnO) has been extensively studied for photocatalytic reactions due to its large 
band gap of 3.1-3.3 eV, absorbing mainly the UV part of the light spectrum.308 The large band 
gap allows for its band edges to easily cover both water oxidation and nitrogen/nitrate 
reduction energies. There have also been a number of ammonia production reports in 
literature for both photocatalytic nitrate reduction,161,162,309 and photocatalytic nitrogen 
reduction.59,92,131 First XRD analysis was conducted to prove the commercial powder was ZnO 
(See figure 5-4). Reflections were observed at 31.8o, 34.4o, 36.3o, 47.6o, 56.6o, 62.9o, 66.4o, 
68.0o, 69.1o, 72.6o and 77.0o indexed as (100), (002), (101), (102), (110), (103), (200), (112), 
(201), (004) and (202) respectively (ICSD 01-089-0510). 
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 Figure 5-4. XRD analysis of zinc oxide commercial photocatalytic powder. 
Initially, due to the large band gap of ZnO experiments a hole scavenger was not used for 
photocatalytic ammonia production tests, but no ammonia yields were observed for both 
nitrate and nitrogen reduction. However, since ZnO can suffer from photo-corrosion in the 
absence of a hole scavenger (See equation 5-1), EtOH hole scavenger was then added and 
yields of ammonia tested once more.162 Unfortunately, even in the presence of a hole 
scavenger to help prevent ZnO photo-corrosion, no ammonia yields were observed (See table 
5-1 and 5-2). Due to this photocatalyst showing no activity for both nitrogen and nitrate 
reduction reactions, it was not characterised or studied further. 
𝑍𝑛𝑂 + 2ℎ+   →   𝑍𝑛2+ + 
1
2
𝑂2    (5-1) 
5.3.3. Ferrites 
Various ferrites have recently been gaining much attention in both the photocatalytic and 
photoelectrochemical hydrogen production, with various metals being incorporated into the 
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MFe2O4 structure.224,225,295,297,310–312 Of these metals investigated a number show potential for 
use as photocathodes such as CuFe2O4,224 NiFe2O4,313 CaFe2O4,228 and MgFe2O4,314,315 which if 
they show any activity for photocatalytic ammonia production could then be synthesised into 
photoelectrodes for photoelectrochemical ammonia production as well. Due to the ability of 
these photocatalysts to conduct water splitting to produce hydrogen, it can be assumed that 
their band edges will also be favourable for nitrate and nitrogen reduction, with CuFe2O4 
already showing favourable band edges (See chapter 4). In addition, the extensive research 
on these materials in our research lab made them a logical next step to investigate for 
photocatalytic ammonia production.8,284,285,316,317 Nickel ferrite also has the property of being 
able to switch between n-type and p-type depending on the temperature its annealed at, with 
high temperature annealing leading to more p-type behaviour.313 Copper ferrite and nickel 
ferrite powders were synthesised by a co-precipitation method as previously reported,297 and 
XRD analysis was conducted to prove that both spinel ferrites had been synthesised (see 
figure 5-5). For CuFe2O4 several reflections were seen at 18.3o, 29.9o, 34.7o, 35.9o, 37.1o, 43.8o, 
53.9o, 57.0o and 62.2o corresponding to (101), (112), (103), (211), (202), (220), (312), (303) 
and (224) respectively (ICSD 00-034-0425). While, NiFe2O4 saw reflections 18.4o, 30.3o, 35.7o, 
37.3o, 43.5o, 53.9o, 57.6o, 62.7o, 74.7o indexed as (111), (220), (311), (222), (400), (422), (511), 
(440) and (533) respectively (ICSD 00-003-0875). 
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Figure 5-5. XRD analysis of (a) CuFe2O4 and (b) NiFe2O4 coprecipitated powder. 
Photocatalytic nitrogen and nitrate reduction experiments were conducted using visible light 
illumination for 3 hours both with and without ethanol as a hole scavenger. No Ammonia was 
detected in any photocatalytic experiment with co-precipitated copper and nickel ferrite (See 
Table 5-1 and 5-2). Again, this could be due to the possibility of competing with the easier to 
conduct hydrogen evolution reaction, or the ferrites not being active for this reaction in their 
current form. Due to these photocatalysts showing no activity for both nitrogen and nitrate 
reduction reactions, they were not characterised or studied further. 
5.3.4. Bi2Ti2O7 Pyrochlore 
Pyrochlores are ternary metal oxide compounds with the structure A2B2O7 with a cubic 
structure, Fe2Ti2O7 has previously been studied for photocatalytic N2 reduction.94 The 
structure allows for greater flexibility in the synthesis for vacancies and dopants to be 
introduced, allowing for structural and electronic properties to be tuned for certain reactions 
or functions.318 Bi2Ti2O7 band gap and energies were investigated to have a band gap of 2.88 
eV and favourable conduction band edges for the hydrogen evolution reaction, and therefore 
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likely to have a suitable band edge for both nitrate and nitrogen reduction.319 Bi2Ti2O7 has 
been studied previously in our lab as a semiconductor electrode for photoelectrochemical 
water oxidation and powder was synthesised by a previous literature method.299,300 After 
synthesis, XRD analysis was completed (see figure 5-6), with reflections observed at 15.0o, 
28.8o, 30.1o, 34.8o, 38.1o, 46.0o, 49.9o, 51.9o, 59.4o, 62.4o and 73.3o relating to (222), (622), 
(444), (800), (662), (10 2 2), (880), (10 6 2), (12 4 4), (888) and (16 0 0) reflections respectively 
(ICSD 00-032-0118). 
Figure 5-6. XRD analysis of Bi2Ti2O7 pyrochlore coprecipitated powder. 
Photocatalytic tests provided no positive results for both photocatalytic nitrate and nitrogen 
reduction reactions, tested in both with and without the presence of ethanol as a hole 
scavenger. Although this material has not shown any immediate activity for this reaction, 
pyrochlores as a class of material present a very interesting and show a lot of potential for 
photocatalytic systems. Due to this photocatalyst showing no activity for both nitrogen and 
nitrate reduction reactions, it was not characterised or studied further. 
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5.3.5. Graphitic Carbon Nitride 
Graphitic carbon nitride (g-C3N4) has gained a lot of attention in the photocatalysis field over 
the past few years with 100s of publications on the material and its many 
applications.108,114,124,244,245,320 This new type of polymeric semiconductor, its well known for 
its non-toxicity, low cost, good stability, some visible light absorption and suitable band 
structure for water splitting and other photoelectrochemical reactions. However it does 
suffer from a few obstacles such as its wide band gap, low electrical conductivity and high 
recombination rate of electron hole pairs.244 Here we attempted to synthesise g-C3N4 by 
following a poly-condensation reaction where a known amount of urea is effectively 
evaporated in a sealed crucible, the condensation of this then forms g-C3N4.301 Although XRD 
did show one reflection for g-C3N4 at 27.7o corresponding to the (110) plane on g-C3N4 (ICSD 
00-050-1250) (see figure 5-7), we are not certain it was synthesised to completion due to 
again the lack of activity for nitrogen and nitrate photocatalytic reduction contradicting many 
recent publications.105,117,124 However, as we failed to see any positive results, further 
characterisation and study was halted on g-C3N4. 
Figure 5-7. XRD analysis of g-C3N4 powder synthesised by a polycondensation method. 
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5.3.6. Microwave synthesised Pd-TiO2 
As we were yet to see a positive result for photocatalytic ammonia production we returned 
to the staple of TiO2 and its well-known activity across many publications for photocatalytic 
ammonia production by both nitrogen reduction,32,266,321 and nitrate reduction.175,188,322 
Although commercial TiO2 and bare TiO2 did have mixed results with some papers reporting 
its success while others reporting its failure for nitrogen and nitrate reduction,85,171,293 doped 
titanium dioxides showed much more promise for photocatalytic ammonia production.15,323 
Microwave processing of materials processing has been extensively studied in our research 
group.324–328 It’s synthesis technique of catalytic materials has many advantages high 
efficiency, rapid synthesis capability which significantly improves mono-dispersity, 
controllability of morphology and high catalytic activity.152,328–330 In comparison, to the 
lengthy heating procedures to make doped TiO2 catalysts which can often lead to non-
uniform crystallinity and dopant distribution. Pd-TiO2 was synthesised by a low 150oC 
temperature, rapid, one-pot microwave synthesis procedure utilising Pd(NO3)2 as a palladium 
precursor (see experimental details for full synthesis parameters. XRD analysis revealed the 
anatase form of TiO2 to be the majority phase present (see figure 5-8), with reflections at 
25.3o, 36.9o, 37.8o, 38.6o, 48.0o, 53.9o, 55.1o, 62.1o, 62.7o, 68.8o, 75.0o and 76.0o corresponding 
to (101), (103), (004), (112), (200), (105), (211), (213), (204), (116), (215) and (301) planes 
respectively (ICSD 00-021-1272). XPS analysis showed the presence of Pd on the surface with 
a mixture of Pd and Pd2+ ions present (See figure 5-9). Survey Graph was charge corrected 
with respect to the C1s peak. For full Pd-TiO2 photocatalyst materials characterisation see 
chapter 6 on full investigation of photocatalytic nitrate reduction over Pd-TiO2. 
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Figure 5-8. XRD analysis of microwave synthesised 3.0at% Pd-TiO2 powder with Pd(NO3)2 as 
the palladium precursor. 
Figure 5-9. Survey XPS analysis of microwave synthesised 3.0at% Pd-TiO2 powder with 
Pd(NO3)2 as a precursor. 
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After the initial photocatalytic nitrogen reduction studies using Pd-TiO2 photocatalysts 
synthesised from palladium nitrate precursors revealed large amounts of ammonia present 
in the background measurement in photocatalytic experiments from an unknown source. 
Ammonia detection experiments were then undertaken to determine the source of this large 
ammonia yields, this initially revealed that ammonia was being formed as another product of 
the microwave synthesis of Pd-TiO2. As an intriguing possible alternative method to produce 
ammonia via microwave irradiation, possible mechanisms were studied to discover if this 
microwave ammonia synthesis was a catalytic process or just an unexpected by-product of 
the Pd-TiO2 (See Chapter 7). It was also revealed that any photocatalytic activity observed 
from nitrogen reduction reactions was actually surface nitrate reduction instead, leftover 
from the synthesis. From here palladium chloride (PdCl2) was utilised as the palladium 
precursor instead showing no activity for nitrogen reduction, but significant activity was 
observed for photocatalytic nitrate reduction and was studied fully (See chapter 6.). 
5.3.7. Microwave synthesised M-TiO2 
After the success of Pd-TiO2 for photocatalytic nitrate reduction a series of other dopants 
were attempted to be synthesised via the same microwave synthesis method, except with 
metal chloride salts, to provide an alternative to the expensive palladium utilised in Pd-TiO2. 
These new metal dopants consisted of Fe, Cu, Ni and Mg, which have all been studied in 
previous literature for ammonia production from nitrate reduction.173–175,178,188 Although 
initially, synthesis techniques appeared to be a success with XRD analysis still showing an 
anatase majority phase of TiO2 with no rutile peaks observed for each dopant (see figure 5-
10), revealing the same reflections as before. Successive washing cycles revealed a loss in the 
change of colour of the powder, indicating that the new “doped” powders were not actually 
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doped with the metals, but the metal precursor salts were left adsorbed onto the surface and 
could be slowly washed off (See figure 5-11). In addition, XPS analysis of a washed 3.0at% Fe-
TiO2 revealed less than 0.3at% iron atoms left remaining on the surface (See figure 5-12). In 
terms of photocatalytic activity all powders showed no activity for photocatalytic nitrogen 
reduction. Similarly, all powders other than Ni-TiO2 showed less activity for nitrate reduction 
than bare microwave synthesised TiO2, indicating that the adsorbed Metal chloride ions are 
detrimental to photocatalytic nitrate reduction (See table 5-1 and 5-2). 
 
Figure 5-10. XRD analysis of various 3.0at% metal “doped” TiO2 powders synthesised via a 
microwave synthesis technique. 
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Figure 5-11. Pictures of 3.0at% Fe-TiO2 powders (a) before and (b) after washing. Indicating a 
loss of Fe dopant atoms after washing. 
 
Figure 5-12. XPS survey analysis of 3.0at% doped Fe-TiO2 powders after washing. 
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5.3.8. Photocatalytic Ammonia Production Tables. 
Table 5-1. Table of photocatalytic nitrogen reduction tests conducted over various 
photocatalytic powders synthesised under different conditions. 
No. Photocatalyst Hole Scavenger Yield of NH3 / μmol Lamp  
1 CuO 
CuO 
none 
10% EtOH 
BDL 
BDL 
Visible 
Visible 
2 Cu2O 
Cu2O 
none 
10% EtOH 
BDL 
BDL 
Visible 
Visible 
3 ZnO 
ZnO 
none 
10% EtOH 
BDL 
BDL 
UV 
UV 
4 CuFe2O4 
CuFe2O4 
none 
10% EtOH 
BDL 
BDL 
Visible 
Visible 
5 NiFe2O4 
NiFe2O4 
none 
10% EtOH 
BDL 
BDL 
Visible 
Visible 
6 Bi2Ti2O7 
Bi2Ti2O7 
none 
10% EtOH 
BDL 
BDL 
UV 
UV 
7 g-C3N4 
g-C3N4 
none 
10% EtOH 
BDL 
BDL 
UV 
UV 
8 TiO2 none BDL UV 
9 
10 
 
11 
12 
13 
14 
M/W-TiO2 
3.0at% Pd-TiO2a 
3.0at% Pd-TiO2b 
3.0at% Fe-TiO2 
3.0at% Cu-TiO2 
3.0at% Ni-TiO2 
3.0at% Mg-TiO2 
none 
none 
none 
none 
none 
none 
none 
BDL 
23.6 
BDL 
BDL 
BDL 
BDL 
BDL 
UV 
UV 
UV 
UV 
UV 
UV 
UV 
BDL – Below Detectable Limit, a false positive result where absorbed NO3- was being reduced 
instead of N2. b Pd-TiO2 synthesised using PdCl2 precursor. 
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Table 5-2. Table of photocatalytic nitrate reduction tests to reduce 122ppm of NO3-.conducted 
over various photocatalysts synthesised under different conditions. 
No. Photocatalyst Hole Scavenger Yield of NH3 / μmol Lamp  
1 CuO 
CuO 
none 
10% EtOH 
BDL 
BDL 
Visible 
Visible 
2 Cu2O 
Cu2O 
none 
10% EtOH 
BDL 
BDL 
Visible 
Visible 
3 ZnO 
ZnO 
none 
10% EtOH 
BDL 
BDL 
UV 
UV 
4 CuFe2O4 
CuFe2O4 
none 
10% EtOH 
BDL 
BDL 
Visible 
Visible 
5 NiFe2O4 
NiFe2O4 
none 
10% EtOH 
BDL 
BDL 
Visible 
Visible 
6 Bi2Ti2O7 
Bi2Ti2O7 
none 
10% EtOH 
BDL 
BDL 
UV 
UV 
7 g-C3N4 
g-C3N4 
none 
10% EtOH 
BDL 
BDL 
UV 
UV 
8 TiO2 none BDL UV 
9 
10 
11 
12 
13 
14 
M/W-TiO2 
3.0at% Pd-TiO2a 
3.0at% Fe-TiO2 
3.0at% Cu-TiO2 
3.0at% Ni-TiO2 
3.0at% Mg-TiO2 
none 
none 
none 
none 
none 
none 
3.9 
16.6 
2.48 
2.74 
4.65 
2.28 
UV 
UV 
UV 
UV 
UV 
UV 
BDL – Below Detectable Limit, a Pd-TiO2 synthesised using PdCl2 precursor. 
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5.4. Conclusions 
A wide range of materials were analysed for their photocatalytic performance for both the 
nitrogen and nitrate reduction reactions. Many materials such as the ferrites and Bi2Ti2O7 
pyrochlore had never been studied for these reactions previously in literature and although 
so far results indicate inactivity for the nitrogen and nitrate reduction reactions. In addition, 
many photocatalytic materials which had already been reported for photocatalytic ammonia 
production, showed no positive results. Meanwhile, 3.0at% Pd-TiO2 was synthesised via a 
novel microwave processing method which has significant structural and morphological 
benefits in comparison to conventional methods of production. Pd-TiO2 was the only doped 
powder studied to show significant activity for the nitrate reduction reaction above that of 
microwave synthesised bare M/W-TiO2. Although, microwave ammonia synthesis was also 
observed when Pd(NO3)2 was utilised as a precursor instead of PdCl2. Alternative metal 
dopants were also investigated by doping TiO2 with their respective metal salts, however all 
failed to sufficiently dope into TiO2 structure and were observed to be lost by successive 
washing cycles. Pd-TiO2 photocatalytic nitrate reduction and microwave ammonia synthesis 
by the reduction of Pd(NO3)2 are investigated further (see chapters 6 and 7). 
  
129  
 
 
 
 
 
 
 
 
 
 
 
Chapter 6: Microwave Synthesised Pd-TiO2 
for Photocatalytic Ammonia Production 
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6.1. Introduction 
Ammonia (NH3) is the most produced commercial chemical in the world with its 
production ever increasing as in 2012 was up to 160 million tons per annum.18 Its significant 
use is in the fertilizer industry where over-manuring has caused a significant increase of the 
concentration of harmful nitrate ions (NO3-) in groundwater.175 Nitrate ions and its derivatives 
are considered water pollutants as toxic levels have been shown to cause 
methemoglobinemia in infant children and act as a possible promotor of carcinogenesis.155,156 
Release of nitrate into groundwater is well-known to cause eutrophication destroying 
ecosystems with higher levels of nitrate. This has led to considerable research into nitrate 
reduction via a range of different techniques including biological,331 electrochemical,332–334 
and catalytic methods.170,197,335 Among these methods photocatalytic reduction stands out as 
a sustainable, potentially scalable and environmentally friendly solution with the ability to 
reduce aqueous nitrate to nitrogen or ammonia utilising only a suitable photocatalyst, water 
and sunlight. Typical photocatalysts are low cost and non-toxic, enabling ammonia production 
without the need of high energy input as in Haber-Bosch processes (i.e. high temperatures 
and pressures). This drastically reduces levels of CO2 released into the atmosphere when the 
photocatalytic method is compared to Haber-Bosch process as well as other alternative 
methods. 
A number of photocatalytic materials both doped and undoped; such as 
TiO2,175,179,195,196,270,336,337 ZnO,162,309,338 SrTiO3,158 CdS,166,339,340 ZnS,163,201 Fe2O3,162,180 and 
ZrO2162 have been studied for photocatalytic nitrate reduction to date. Among them titanium 
dioxide (TiO2) has been the most popular due to its good photocatalytic activity, stability 
within a wide pH window and non-toxicity in nature.341,342 Due to its large band-gap, the 
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research focus to date has been to improve its light absorption characteristics by doping 
without compromising the photocatalytic performance.170,185,322,343 Palladium has been one 
of the common dopants which has been investigated for nitrate reduction due to its well-
known catalytic properties and hydrogen adsorption capabilities,344,345 and has been shown 
previously to have photocatalytic nitrate reduction properties.159,175,189,322 
Microwave synthesis is an established technique today. Microwave heat generation in 
materials is fundamentally different to that of conventional heating methods such as radiant, 
conduction and convection heating. Conventional heating uses heated elements to transfer 
heat to the reaction vessel as a heat transfer process, whereas microwave irradiation is an 
energy conversion process where the heat is generated within the reaction mixture itself. 
Therefore, inorganic materials can be produced with unique properties using microwave 
synthesis that cannot be accomplished by other conventional thermal synthesis methods.328 
It has been reported that microwave synthesis of materials, including photocatalysts, can 
have many advantages including high efficiency, rapid synthesis capability which significantly 
improves mono-dispersity, controllability of morphology and high catalytic activity.152,328–330 
In contrast, conventional methods for photocatalyst production typically involve lengthy 
heating procedures and often can lead to non-uniform crystallinity and dopant distribution, 
which reflect the non-uniform thermal distribution at microscopic scale.152,330 Although 
improved photocatalytic activity of microwave synthesised photocatalysts has been studied 
previously,329 none have been applied to ammonia production via photocatalytic nitrate 
reduction. 
Herein, we present the rapid microwave synthesis method of Pd-TiO2 and its ability to conduct 
photocatalytic ammonia production. This is the first report where ammonia production via 
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photocatalytic nitrate reduction is completed using microwave synthesised photocatalysts. In 
this study, we investigate the photocatalytic nitrate reduction properties of microwave 
synthesised TiO2 and various dopant levels of Pd-TiO2 in comparison to previously reported 
literature methods of similar photocatalysts with conventional synthesis techniques. After 
which, optimisation of the photocatalytic procedure is completed, and further photocatalytic 
study is conducted. In addition, photocurrent and EIS studies of microwave synthesised TiO2 
and Pd-TiO2 photoelectrodes were studied. These findings are particularly important in the 
context of current efforts to find a more sustainable means of ammonia production as well as 
reduction of nitrates in wastewater. 
6.2. Experimental 
6.2.1. Microwave Synthesis of Pd-TiO2 
A solution mixture of Ti(OC3H7)4 (3.819 mL, 12.9 mmol, Sigma Aldrich 99.999% purity) and 
PdCl2 (0.0709 g, 0.4mmol, Sigma Aldrich, 99.999% trace metals purity) were fully dissolved in 
DI H2O (20 mL, 18.2 MΩ). After vigorous stirring for 2 h, the solution was added to a 20 mL 
quartz microwave reaction vial with a magnetic stirrer. This reaction vessel was then 
microwave heated to 150 oC and held there for 3 minutes at roughly ~11 bar overpressure. 
This microwave assisted synthesis was achieved using a Biotage Initiator EXP 8 reactor (see 
figure 3-6 and 5-1). The nanopowder suspension changes colour from white to cream when 
the titanium isopropoxide and palladium chloride are added respectively, and then cream to 
black before and after the microwave reaction respectively (see figure 6-1).302 Typical yields 
of Pd-TiO2 observed were between 1.2 and 1.4 g. For varying ratios of palladium dopant, less 
PdCl2 precursor was added while the amount of titanium isopropoxide was kept the same. 
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Figure 6-1. Pictures showing colour changes of nanopowder suspensions after the addition of 
Pd precursor and after the microwave synthesis. 
6.2.2. Characterisation of Pd-TiO2 Photocatalyst 
For XRD and XPS experimental methods See Chapter 5.2.7. Raman spectra were measured 
using a HORIBA Jobin Yvon LabRAM HR (632.8 nm He-Ne laser) Raman spectrometer across 
the wavenumber range of 100-2000 cm-1.  A Leo 1530VP field emission gun (FEG)-SEM was 
used to examine the surface morphology at an accelerating voltage of 5 kV and a working 
distance of 5 mm. EDX spectroscopy was also carried out to determine the bulk Pd/Ti ratio to 
compare to XPS surface ratio. Diffuse Absorbance measurements were carried out on the thin 
films using a Lambda 35 Perkin Elmer UV/Vis Spectrophotometer using a range of 330-800 
nm at a scan rate of 420 nm/min. 
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6.2.3. Photocatalytic Studies 
Photocatalytic reactions were conducted in a 1000 mL photochemical reactor (Lelesil 
Innovative Systems, see figure 6-2) with a 400 W UV lamp. In a typical photocatalytic 
experiment 500 mg of photocatalyst was suspended in DI H2O (400 mL, 18.2 MΩ) and stirred 
for 3 hours (600 RPM) under irradiation and a flow of nitrogen (350 cm3min-1). Each powder 
was additionally tested for photocatalytic nitrogen reduction, but no ammonia was detected 
without the presence of nitrate ions in solution. For each reaction 122 ppm of KNO3 (99%, 
7.913 mL of 0.1 M in 100 mL DI H2O stock solution) was added as the nitrogen source and the 
system was stirred at 600 RPM from the addition of the nitrate until the end of reaction. The 
system was flushed with nitrogen (350 cm3min-1) for 30 minutes before the reaction start. 
Temperature was controlled (25 0C +/-5oC) for each reaction. Samples of 5 mL, were taken 
before irradiation and every 30 minutes until completion and tested for ammonia. 
Figure 6-2. Picture of Lelesil Photocatalytic Reactor utilised in photocatalytic studies. 
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6.2.4. Ammonia Detection 
Ammonia was detected via the Berthelot colorimetric method reported by Grayer et al.260,303 
This modified Berthelot reaction utilised two individual reagents that when mixed in a 
solution containing NH3 (1 µM – 400 µM) would change the colour of solution from colourless 
to blue by producing the dye molecule indophenol blue.304 Phenol reagent: Phenol (3.0 g, 
Sigma Aldrich, 98%) and sodium nitroferricyanide (0.015 g, Sigma Aldrich, ≥99%) were 
dissolved in DI H2O (50 mL, 18.2 MΩ) and stored at 3 oC. Sodium hypochlorite reagent: Sodium 
hydroxide (1.5 g, Sigma Aldrich, ≥97%) and sodium hypochlorite solution (2.4 mL, Sigma 
Aldrich, >8% active chlorine) were dissolved in DI H2O (50 mL, 18.2 MΩ) and stored at 3oC. 
Procedure: 0.5 mL of both reagents was added to 2 mL of diluted sample (1 mL sample, 1 mL 
DI H2O) and compared to calibration standards via the same method. Spectrophotometric 
measurements were conducted across wavelengths 400-800 nm on a Lambda 35 Perkin Elmer 
UV-Vis spectrophotometer and absorbance analysed at 630 nm specifically.  
6.2.5. Electrochemical Studies 
Photocatalyst powders were ultrasonically dispersed in ethanol (150 mg, 150 mL) and drop 
cast onto roughly 2 x 1 cm2 Fluorine-doped Tin Oxide (FTO), for each electrode 3 mL of 
dispersion was added dropwise, and the ethanol was allowed to evaporate. Electrochemical 
measurements were conducted on an Eco Chemie Autolab PGSTAT12 with a 150 W halogen 
lamp (Prior CL150) illumination source. The photoelectrodes were measured in a three-
electrode mode configuration with Ag/AgCl 3 M KCl reference electrode and a platinum mesh 
counter electrode. The electrolyte was 0.2 M sodium sulfate (Sigma Aldrich, ACS reagent, 
99.0%). A typical photocurrent response scan was held at 0.7 V vs Ag/AgCl for a 
preconditioning step of 300 s before being measured for 240 s while illuminated every 20 s 
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for 20 s. The electrochemical impedance spectroscopy (EIS) measurements were also 
conducted at 0.7 V vs Ag/AgCl over a 5 mHz to 1 kHz frequency range and an amplitude of 
0.01 V. The measured data was fitted and simulated using an equivalent circuit with two 
resistors, one in series and one in parallel, and a constant phase element in parallel on Nova 
2.0 Software (Metrohm Autolab B.V.). All electrochemical measurements were conducted in 
an Argon atmosphere, unless otherwise stated.  
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6.3. Results and Discussion 
6.3.1. SEM Analysis 
Figure 6-3. FEG-SEM images of microwave synthesised 3.97wt% Pd-TiO2 powders at a 
magnification of a) 25 000X and b) 50 000X. 
Doped and undoped Pd-TiO2 and TiO2 nanoparticles were synthesised using a microwave 
reactor for investigation of the photocatalytic activity for ammonia production via nitrate 
reduction. SEM studies show the formation of nanoparticles made via microwave synthesis. 
The SEM images were also utilised to determine the approximate particle size of the 
photocatalytic powders. Figure 6-3 shows a typical SEM image of 3.97wt% Pd-TiO2 powder at 
a couple of magnifications. Figure 6-3b reveals that the approximate particle size is between 
50-100 nm however it is observed that distinct particles can agglomerate more into larger 
particulates of 150-250 nm. 
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6.3.2. XRD Analysis 
Figure 6-4. XRD pattern of microwave synthesised a) Pd/PdO and b) 3.97wt% Pd-TiO2. 
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To observe whether we have formed the anatase crystalline phase and assess crystallinity of 
the photocatalysts, XRD studies were conducted both with and without the presence of the 
titanium precursor. This allows us to analyse the crystallinity of the photocatalyst as well as 
identifying all possible reflections that may be presented. Figure 6-4a shows the XRD pattern 
of Pd/PdO nanopowder produced by reduction of a Pd(NO3)2 precursor solution in a typical 
3-minute microwave synthesis producing a mixed phase of Pd/PdO. This was conducted to 
ensure whether any relevant palladium reflections could then be observed in Pd-TiO2 XRD 
analyses. Reflections are seen at 40.1o, 46.7o and 68.1o which correspond to the (111), (200) 
and (220) reflections of Pd, respectively (ICSD 00-046-1043). Furthermore, the presence of 
much weaker reflections at 33.9o, 54.8o and 60.2o correspond to reflections in (101), (112) 
and (103) planes of PdO (ICSD 00-043-1024), however these reflections are particularly low in 
intensity with relation to the noise. This correlates with XPS data revealing the majority phase 
present in Pd-TiO2 powders is the Pd0 metal with a small amount of PdO (see figure 6-7c). 
Figure 6-4b displays a typical XRD pattern of microwave synthesised 3.97wt% Pd-TiO2, 
revealing reflections between 20o and 80o which are corresponding to the anatase phase of 
TiO2 (ICSD 00-21-1272), with no evidence for the presence of rutile phase or Pd/PdO. The low 
intensity of the reflections is likely due to the rapid synthesis process of the powders as seen 
previously in literature.346 It is observed however that crystallinity slightly increases after 
microwave irradiation as shown by figure 6-5, which reveals an XRD spectra of the beige 
coloured intermediate Pd-TiO2 before microwave irradiation. All similar reflections of anatase 
TiO2 (ICSD 00-21-1272) as previously shown were present, with no presence of Pd/PdO 
reflections.  
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Figure 6-5. XRD pattern (a) before microwave synthesis of 3.97wt% Pd-TiO2 powder and (b) 
after typical 3 minute microwave synthesis. 
6.3.3. Raman Analysis 
Raman spectra were obtained to determine whether any amorphous phases of TiO2 or Pd 
were present in the powders, as there was no evidence of Pd in the XRD spectra. The Raman 
spectrum shown in figure 6-6 correlates with previous XRD data that anatase TiO2 is the 
majority phase present. Typical Raman spectra of anatase TiO2 has five active bonding modes 
at approximately 144 cm-1 (Eg), 197 cm-1 (Eg), 397 cm-1 (B1g), 518 cm-1 (A1g + B1g) and 640 
cm-1 (Eg). Figure 6-6 is the Raman spectrum of 3.97wt% Pd-TiO2 which provides evidence for 
the presence of all the anatase active bonding modes stated above at around 153 cm-1, 200 
cm-1, 399 cm-1, 517 cm-1 and 642 cm-1. In all spectra, the 1072 cm-1 peak for palladium is 
potentially indicated to be present with a very small peak, however, is too small to be 
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separately identified from the noise. The incorporation of palladium has been shown in 
literature to cause small shifts in Raman active peaks which is seen in Figure 6-6 with slight 
peak shifts compared to typical TiO2 bonding modes. 347,348 
 
Figure 6-6. Typical Raman spectra of as-synthesised Pd-TiO2 powders. 
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6.3.4. XPS Analysis 
XPS surface analysis was undertaken on TiO2 and Pd doped TiO2 powders to investigate the 
dopant level of Pd and the bonding modes of Pd, Ti and O. Powders varying from 0.27wt% to 
3.97wt% Pd were analysed to determine whether the amount of Pd precursor utilised in the 
synthesis stage was still present in the doped TiO2 powders. Figure 6-7a. shows a sharp 
gaussian peak at ~458.5 eV corresponding to Ti 2p3/2 with a broader split spin orbit peak at 
Δ5.7 eV from the initial peak at ~464.2 eV corresponding to Ti 2p1/2, both peaks can be 
attributed to the TiO2 structure as reported throughout literature.349,350 XPS peak values for 
Ti 2p3/2 and Ti 2p1/2 in all powders were within ± 0.3 eV from the values shown in Figure 6-7a. 
Figure 6-7b illustrates the O 1s surface anaylsis of 3.97wt% Pd-TiO2 revealing the typical O 1s 
peaks observed on all photocatalysts observed. The two peaks are denoted OI and OII relate 
to the O1s and OH- peaks respectively. The largest peak OI at approximately 529.5 eV 
corresponds to the O2- within the TiO2 anatase structure.350 The peak OII shown at ~531.3 eV 
correlates to the OH- groups leftover on powders from the synthesis of TiO2 from titanium 
isopropoxide precursor, which follows a known reaction (see equation 6-1).351–354 
 
 
𝑇𝑖(𝑂𝐶𝐻(𝐶𝐻3)2)4 + 2𝐻2𝑂 → 𝑇𝑖𝑂2 + 4 (𝐶𝐻3)2𝐶𝐻𝑂𝐻   (6-1) 
143  
 
Figure 6-7. XPS analysis of (a) Ti 2p peaks, (b) O 1s peaks and (c) Pd 3d peaks of a typical 
microwave synthesised 3.97wt% Pd-TiO2 photocatalyst. 
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Additionally, palladium was observed within the region of 330-345 eV with 2 well defined 
spin-orbit doublets of Pd 3d5/2 and Pd 3d3/2 (see figure 6-7c.). All spectra revealed Pd peaks 
with small oxide peaks present on the powders revealing a mixture between Pd0 and Pd2+ in 
the dopant, Pd0 has been indicated to be active towards nitrate reduction.355 In Figure 6-7c, 
4 peaks over the Pd region are denoted PdI, PdII, PdIII and PdIV. The PdI and PdII are two 
components of the Pd 3d5/2 peak located at ~334.2 eV and ~335.8 eV respectively, with PdI 
representing the Pd0 and PdII representing Pd2+. Table 6-1 shows quantitative data observed 
from XPS showing surface Pd/Ti ratio in comparison to bulk Pd/Ti ratio analysed via EDX of 
doped Pd-TiO2 powders. 
6.3.5. EDX Analysis 
Table 6-1. Pd/Ti ratios compared between synthesis, XPS surface analysis and EDX bulk 
analysis.  
(a measured around the limit of detection of the colorimetric detection technique). 
To determine where the palladium is present in the Pd-TiO2 nanopowder, XPS and EDX studies 
on the doped Pd-TiO2 were conducted and Pd/Ti ratio of both were compared to the Pd/Ti 
ratio added in the synthesis (See Table 6-1). Initially, we saw a larger Pd/Ti ratio on the surface 
than added into the synthesis from XPS analysis and a lower ratio in the bulk for all dopant 
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levels other than 3.97wt% Pd-TiO2. This indicates that the palladium present in the powder is 
mainly situated on the surface (first 10 nm). However, a higher Pd/Ti ratio is observed in the 
bulk EDX measurement when observing the 3.97wt% Pd-TiO2 powder in comparison to the 
XPS, suggesting that at this point the surface is saturated with palladium and the rest is 
therefore observed in the bulk. Figure 6-8 shows a typical 3.97wt% EDX Spectrum. The EDX 
analysis further confirms the presence of Pd throughout the structure of the photocatalysts. 
 
 
Figure 6-8. Typical EDX spectrum of a 3.97wt % Pd-TiO2 powder. 
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6.3.6. Optical Properties 
Figure 6-9. Optical Absorption of microwave synthesised Pd-TiO2 at various dopant levels 
from 0wt% to 3.97wt% (instrumental noise observed at lower wavelengths).  
With titanium dioxide being well known for its large band-gap, most papers that indicate 
doping it as a part of their research are doing so to improve the optical absorption 
characteristics of their TiO2 photocatalyst, especially in the visible region. Figure 6-9 shows 
how the optical absorption properties of microwave synthesised Pd-TiO2 changes, across 330-
800 nm, depending on the dopant level from 0.27wt% to 3.97wt% and comparing it to bare 
M/W-TiO2. Here, we observe that as the dopant level of palladium is increased the absorption 
within the visible region increases dramatically when compared to bare M/W-TiO2. This would 
aid the light absorption characteristics of the photocatalysts providing larger portions of the 
solar spectrum for use in its photocatalytic reactions. 
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6.3.7. Photocatalytic Activity 
Figure 6-10. Yield of NH3 changing over reaction time of typical photocatalytic reaction for 
various dopant levels of microwave synthesised Pd-TiO2 (500 mg, 122 ppm KNO3, 3hr 
irradiation time, 400 W UV lamp).  
Yields of ammonia for each dopant level were analysed and compared over photocatalytic 
reactions for 3 hours in figure 6-10. Microwave synthesised TiO2 (M/W-TiO2) was produced 
via the same synthesis just without the presence of the palladium precursor. Increases in yield 
were only observed after the dopant level was increased past 0.27wt% with significant 
increases in yield of ammonia with higher dopant levels of 2.65wt% and 3.97wt% Pd-TiO2, 
however the optimum dopant level was found to be 2.65wt% out of all the photocatalytic 
powders tested. At dopant levels higher than 1.99wt% we see most of increased Pd content 
being incorporated into the bulk of the material (See Table 6-1) and inherently increasing 
absorption characteristics of the photocatalysts (see figure 6-9). Therefore, by improving light 
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absorption characteristics of the photocatalysts, higher concentrations of e-/h+ pairs would 
be produced for use in photocatalytic nitrate reduction. 
These experimental results concur with previous literature in that metal ion doping improves 
photocatalytic nitrate reduction ability of photocatalysts.32,175In addition, it has been 
theorised that the metal ion dissociates the chemisorbed hydrogen to give rise to Hads and 
thus reduce potassium nitrate to ammonia with e- and h+ pairs as shown in equations 6-2 and 
6-3 below.170 With increasing dopant concentration past 2.65wt% yields begin to decrease 
with increasing palladium content, likely due to the higher recombination of e-/h+ pairs at very 
high dopant concentrations.356,357 
𝑁𝑂3
− + 9𝐻+ + 8𝑒− → 𝑁𝐻3 + 3𝐻2𝑂    (6-2) 
4𝐻2𝑂 + 8ℎ
+  → 2𝑂2 + 8𝐻
+     (6-3) 
Table 6-2 compares the yield after reaction and shows how varying the dopant level affects 
the yield of NH3. The activity of photocatalyst powders were calculated normalising for time 
of reaction (in hours) and catalyst loading (in grams) by dividing the total yield of NH3 by this 
time and catalyst loading, allowing comparison to previous similar works. The activity of the 
as-synthesised microwave photocatalysts show vast increases in activity when compared to 
conventionally made powders when subjected to similar photocatalytic experimental 
conditions.159,322 However, some current studies have looked into co-doping, hole scavengers, 
higher nitrate concentration and smaller particles sizes to show improved yields.175 Ethanol 
and iso-propanol were investigated as hole scavengers in an attempt to improve ammonia 
yields, however this led to no significant yields of ammonia being observed. This could be due 
to increased selectivity towards nitrogen as the final reaction product instead of the ammonia 
in solution as seen in literature.191 All photocatalysts showed reproducible results with no 
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observable degradation between photocatalytic reactions, revealing a reusability of 
recovered photocatalyst powder. As seen in figure 6-11, where the same 2.65wt% Pd-TiO2 
photocatalyst powder underwent identical photocatalytic experiments with little variation in 
yield across the 4 repeated experiments. 
 
 
Table 6-2. Photocatalytic ammonia production yields from various dopant level microwave 
synthesised Pd-TiO2 powders with comparison to previous literature work.159,322 
(a activity was calculated using experimental information given in previous literature. b Only 
the best performing Pd-TiO2 powders were used in comparison). 
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Figure 6-11. Yield of NH3 over a 4 cycle repeated 3 hour illuminated photocatalytic reactions, 
photocatalyst was washed and dried between each cycle, revealing the photocatalyst re-
usability. Photocatalytic experiments were conducted under identical conditions as described 
in the experimental section. 
6.3.8. Electrochemical Analysis 
Figure 6-12. (a) Electrochemical photocurrent of M/W-TiO2 and 3.97wt% Pd-TiO2 
photoelectrodes at 0.7 V vs Ag/AgCl (b) Nyquist plot comparison for M/W-TiO2 and 3.97wt% 
Pd-TiO2 photoelectrodes, under 150 W Halogen Lamp illumination at 0.7 V vs Ag/AgCl. 
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For electrochemical analysis of the photocatalysts, the efficiency of charge transfer and 
photocurrent response of both M/W-TiO2 and 3.97wt% Pd-TiO2 photoelectrodes were 
investigated. All measurements were conducted at 0.7 V vs Ag/AgCl due to having the highest 
photocurrent response when held at this voltage compared to all others. It was assumed that 
the electrodes have a similar mass loading due to being produced via the exact same method, 
therefore it is possible to compare the performance of both M/W-TiO2 and 3.97wt% Pd-TiO2 
photoelectrodes. As presented in Figure 6-12a. a photocurrent response is seen, with 
3.97wt% Pd-TiO2 showing better performance starting with approximately 0.3 µAcm-2 and 
decaying to 0.2 µAcm-2 over the measurement. Meanwhile, M/W-TiO2 starts with a response 
of approximately 0.2 µAcm-2 and decays to 0.1 µAcm-2. Due to the photostability of the 
photocatalyst shown earlier and the lack of evidence for palladium oxidation seen in cyclic 
voltammetry (see figure 6-11 and 6-13), it is assumed that the mass loss, as a result of poor 
adhesion of the photocatalyst on the FTO glass substrate, is the cause of this degradation in 
photocurrent observed. Oxygen reduction appears to be observed when measurements were 
conducted in air at negative potentials but is not observed in an argon atmosphere. 
Figure 6-12b shows the Nyquist plots for both M/W-TiO2 and 3.97wt% Pd-TiO2 at 0.7 V vs 
Ag/AgCl and 150 W halogen lamp illumination, similar to previous works in the field 
conducting EIS at a potential.117,216,321,358 The data was fitted and simulated with an equivalent 
circuit with components for the charge transfer resistance, Rct, solution resistance, Rs and a 
constant phase element for the semiconductor-electrolyte interface. The charge transfer 
resistance between the electrode-electrolyte interface can be calculated by the difference 
between both high and low frequency x-axis intercepts.290,359 Therefore as shown by 3.97wt% 
Pd-TiO2 much smaller arc, it has a much smaller charge transfer resistance of 70 kΩ whereas, 
M/W-TiO2 has a charge transfer resistance of 178 kΩ. This indicates that the doping with 
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palladium reduces the charge transfer resistance and improves the activity of the catalyst, 
this could be a result of better conductivity or electron mobility, and thus correlates with 
higher photocatalytic activity noticed with higher dopant concentrations. Figure 6-14 shows 
Nyquist plot comparisons between light and dark measurements for both M/W-TiO2 and 
3.97wt% Pd-TiO2 photoelectrodes at 0.7 V vs Ag/AgCl. Both showed smaller arcs in the light 
showing a decrease in charge transfer resistance while illuminated as expected, M/W-TiO2 
decreased from 195 kΩ to 178 kΩ where 3.97wt% Pd-TiO2 decreased from 84 kΩ to 70 kΩ. 
 
 
Figure 6-13. Cyclic voltammograms conducted in the dark on 3.97wt% Pd-TiO2 
photoelectrodes across a potential range of +1 V to -1 V vs Ag/AgCl 3M in 0.2 M Na2SO4 (pH 
6.8) at a scan rate of 20 mV/s in (a) air, and (b) argon atmospheres. 
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Figure 6-14. Nyquist plot comparisons between light and dark measurements of (a) M/W-TiO2 
and (b) 3.97wt% Pd-TiO2 photoelectrodes at 0.7 V vs Ag/AgCl with a halogen lamp. 
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6.3.9. Optimisation of Photocatalytic Activity 
Figure 6-15. Ammonia yield graphs in relation to varying photocatalytic reaction parameters 
(a) stirring rate, (b) flow rate, (c) pH, (d) catalyst loading and (e) nitrate concentration. (f) 
Conversion % of initial nitrate concentration to final ammonia concentration. 
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After initial photocatalytic tests should vast improvements when compared to similar 
photocatalytic systems in literature, the reaction parameters were optimised to try and 
obtain even higher yield (see figure 6-15). To begin with stirring and flow rate were 
investigated (figure 6-15a and 6-15b), yields of ammonia increased linearly with stirring rate 
as to be expected as it aids mass transport to the catalyst, showing an optimum stirring rate 
at 600 RPM. Higher stirring rates were deemed unsafe due to possible breakages of glassware 
with the large magnetic stirrer utilised. Meanwhile, N2 flow rate was initially utilised at 
approx. 350 cm3min-1 in the original reaction conditions, yields were observed to increase 
with a slightly higher flow of 650 cm3min-1, this could be due to increasing the selectivity of 
nitrate reduction away from N2 production and towards NH3 instead. Figure 6-15c reveals 
how varying the pH with HCl affects the yield of ammonia, with a lower pH of pH 4 showing 
increased yields of ammonia. Not only does decreasing the pH increase the number the 
concentration H+ ions in solution (see equation 6-4), which is utilised in the reduction of 
nitrate (see equation 6-3), but a lower pH would more effectively trap any ammonia produced 
in the form of ammonium ions. A lower catalyst loading of 0.3 g (0.75 g/L) also showed 
increases in yield compared to the original catalyst loading of 0.5 g (see figure 6-15d). This is 
likely due to the higher catalyst loading causing some catalyst particles to be un-utilised in the 
photocatalytic reaction, leading to wasted light absorption on those catalyst particles. Finally, 
initial nitrate concentration was studied (see figure 6-15e and 6-15f), here a higher ammonia 
yield was observed at higher initial nitrate concentration, however at a lower concentration 
we see a higher conversion % of nitrate to NH3 concentration (see equation 6-5). This 
indicates that much of the NO3- at higher concentrations remains either unreacted or utilised 
to other nitrogen products. 
𝑝𝐻 =  −𝑙𝑜𝑔10[𝐻
+]     (6-4) 
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𝐶𝑜𝑛𝑣% (𝑁𝐻3) =  
[𝑁𝐻3]𝑓
[𝑁𝑂3]𝑖
⁄  × 100%   (6-5) 
Where for equation 6-4; [H+] is the concentration of H+ ions in solution. For equation 6-5; 
Conv% (NH3) is the percentage conversion to ammonia, [NO3]I is the initial nitrate 
concentration and [NH3]f is the final ammonia concentration after photocatalytic nitrate 
reduction. 
Most catalysts saw a 40% increase in yield, other than M/W-TiO2 and 0.27wt% TiO2 which 
both saw roughly 10-15% increases in yield, this could be due to the Pd dopant level, and so 
there is less Pd to be used to aid the dissociation of chemisorbed hydrogen. Overall though, 
it was observed that because yields still increased at a lower catalyst loading 0.3 g (0.75 g/L) 
instead of 0.5 g (1.25 g/L) and overall increases in yield, that the catalyst activity drastically 
increased (see table 6-3). This indicates that the previous higher catalyst loading, was too high 
for the reaction chamber, causing some catalyst particles to be not as active at this KNO3 
concentration. Too high a catalyst loading could also lead to blocking of light through the 
photocatalyst suspension, especially with higher dopant levels, hence the larger increases at 
higher dopant levels. Figure 6-16 shows an updated yield graph with various photocatalysts 
between M/W-TiO2 and 3.97wt% Pd-TiO2 conducted under the optimised conditions set out 
previously. Here we see a similar trend to before with 2.67wt% Pd-TiO2 showing the highest 
yield of NH3 over the 3-hour irradiation meanwhile M/W-TiO2 and 0.27wt% Pd-TiO2 still show 
the lowest activity of all the photocatalysts tested.  
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Figure 6-16. Yield of NH3 changing over reaction time of typical photocatalytic reaction for 
various dopant levels of microwave synthesised Pd-TiO2 (300 mg, 122 ppm NO3-, 3 hr 
irradiation time, 400 W UV lamp, 600 RPM stirring rate, pH 4, 650 cm3min-1(N2)). 
Table 6-3. Photocatalytic ammonia production yields from various dopant level microwave 
synthesised Pd-TiO2 powders, under optimised conditions. 
158  
 
6.4. Conclusions 
In summary, a rapid one-pot microwave synthesis method to produce Pd-TiO2 anatase 
nanoparticles is reported, utilising low temperature and pressure. The nanoparticles were 
then characterised via SEM, XRD, UV-Vis absorption and Raman revealing 50-100 nm particles 
with a few large agglomerates and an anatase majority phase powder. Surface analysis via 
XPS showed the presence of Pd0 and Pd2+ dopant in addition to TiO2 signature titanium and 
oxygen peaks. Photocatalytic nitrate reduction over various Pd dopant levels were conducted 
and yields of ammonia were compared to previous literature using similar photocatalysts 
revealing a vastly improved photocatalytic performance. Optimisation of photocatalytic 
procedure was conducted, optimising stirring rate, flow rate, pH, catalyst loading and nitrate 
concentration, which led to over 40% increases in yields of ammonia for some photocatalysts 
Photoelectrodes were produced and analysed for electrochemical photocurrent and 
impedance spectroscopy revealing vast differences in charge transfer resistance with higher 
dopant concentrations. Finally, this is the first report of using microwave synthesised 
photocatalysts for use in photocatalytic ammonia production via nitrate reduction, with 
improved yields and a simple synthesis to be of significant interest to this field. 
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Chapter 7: Microwave Ammonia Synthesis 
via Pd/PdO Nanoparticle synthesis and In-
situ Isopropanol Dehydrogenation 
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7.1. Introduction 
Ammonia synthesis is a research field that is ever looking for a replacement to the expensive 
and polluting Haber-Bosch process. Although necessary for feeding the world’s population as 
we know it today, and almost single handily causing the population explosion of the 20th 
century up to a current world population of over 7 billion. It is well-known for its need of high 
temperatures and pressures in order to operate to peak efficiency, which of course leads to 
significant greenhouse gas emissions.18,19 Therefore, it is no surprise that research across a 
variety of fields including: photocatalysis,360,361 photoelectrochemistry,265,362 
metallocomplex,76,363 renewables,364–366 biological,292,367 and electrochemistry,260,368 have all 
investigated methods utilising lower temperatures and pressures. Ultimately, attempting to 
provide an eco-friendlier route towards ammonia synthesis, however, the main issue of all 
these other methods is that in terms of efficiency and yields of ammonia they don’t match up 
to that of the Haber process. 
Palladium, being a noble metal, is a popular catalyst across a variety of fields, especially in 
organic synthesis with its use in Buchwald-Hartwig,369,370 Heck,371,372 Negishi,373 
Sonogashira,374,375 Stille,376,377 and Suzuki reactions.378 With its popularity not limited there 
with further applications in photocatalysis, fuel cells, automotive industry and many more 
fields.175,194,379–381 Therefore, research into its synthesis via several methods is also of 
significant interest across all fields. Microwave synthesis of Pd and PdO nanoparticles is an 
established technique,372,382,383 due to the many advantages of microwave synthesis over 
conventional synthesis techniques. Microwave synthesis can provide improved 
monodispersity, morphological control, higher crystallinity and simpler reaction synthesis and 
better particle size control.152,328  
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Another application of palladium has been applied to is dehydrogenation of alcohols, 
especially glycerol, isopropanol and ethanol, effectively utilising these alcohols as a source of 
hydrogen.384–386 The catalytic reforming of alcohols has therefore been studied extensively, 
however most processes utilise high temperatures of between 180-450 oC, which isn’t ideal 
considering steam methane reforming is not much higher in its temperature needs.385–387 
Therefore, providing a lower temperature available method to conduct dehydrogenation is 
strongly desired. 
Herein, we report the rapid, one-pot, microwave synthesis of Pd/PdO nanoparticles their 
ability to conduct in-situ microwave dehydrogenation of isopropanol into its respective 
ketone; acetone. In addition, we report thermal microwave ammonia synthesis, immediately 
utilising the dehydrogenation of isopropanol to produce ammonia via the metal nitrate 
reduction process to produce Pd/PdO nanoparticles. Possible mechanisms behind this 
reaction were studied, leading to a proposed theory of the mechanism for this synthesis 
process, with significant evidence provided. These findings are particularly important not in 
the context of ammonia synthesis, but also a new low temperature method of isopropanol 
dehydrogenation. 
7.2. Experimental 
7.2.1. Microwave synthesis of Pd/PdO nanoparticles 
Palladium (II) Nitrate (0.0922 g, 0.4 mmol, Alfa Aesar, 99.9% trace metals purity) was dissolved 
in 20 mL of a 16.4% iso-propanol (3.28 mL, 99.7%):DI H2O (16.72 mL, 18.2 MΩ)  solution 
(v/v%). After being stirred vigorously this solution was then placed in a 20mL quartz 
microwave reaction vial with a magnetic stirrer. Unless otherwise stated, a typical microwave 
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reaction was held at 150 oC and approximately 11 bar overpressure for 3 minutes utilising a 
Biotage Initiator EXP 8 Reactor (see figure 5-1). The dark brown solution will change to a 
colourless solution with a precipitate of black Pd/PdO nanoparticles which is then centrifuged 
and dried for analysis. In some early mechanism investigation experiments titanium 
isopropoxide (3.819 mL, 12.9 mmol, Sigma Aldrich, 99.999% purity) is present instead of iso-
propanol. Yields of Pd/PdO were observed between 0.030 and 0.035 g per synthesis. 
7.2.2. Characterisation of Pd/PdO nanoparticles 
Powders were characterised by a Bruker D8 Advance X-ray diffractometer (XRD) with 
monochromatic Cu Kα (λ = 1.54 Å) in reflection geometry using a Lynxeye PSD detector. 
Reflections were observed over a 2θ range of 10-80o using a step size of 0.0039o and a time 
per step of 2.1 s. The phase and crystallinity of produced powders were then analysed and 
characterised in comparison to references from the inorganic crystal structure database 
(ICSD) for known reflections for each material and phase. The surface composition of 
photocatalytic powders was analysed using XPS analysis. Measurements were conducted with 
a thermo scientific spectrophotometer (model K-α) over a 400 µm2 area. A Leo 1530VP field 
emission gun (FEG)-SEM was used to examine the surface morphology at an accelerating 
voltage of 5 kV and a working distance of 5 mm.  
7.2.3. Ammonia Estimation 
Ammonia was detected via the Berthelot colorimetric method reported by Grayer et al.260,303 
This modified Berthelot reaction utilised two individual reagents that when mixed in a 
solution containing NH3 (1 µM – 400 µM) would change the colour of solution from colourless 
to blue by producing the dye molecule indophenol blue.304 Phenol Reagent: Phenol (3.0 g, 
Sigma Aldrich, 98%) and sodium nitroferricyanide (0.015 g, Sigma Aldrich, ≥99%) were 
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dissolved in DI H2O (50 mL, 18.2 MΩ) and stored at 3 oC. Sodium hypochlorite reagent: Sodium 
hydroxide (1.5 g, Sigma Aldrich, ≥97%) and sodium hypochlorite solution (2.4 mL, Sigma 
Aldrich, >8% active chlorine) were dissolved in DI H2O (50 mL, 18.2 MΩ) and stored at 3 oC. 
Procedure: 0.5 mL of both reagents was added to 2 mL of diluted sample (1 mL sample and 1 
mL DI H2O) and compared to calibration standards via the same method. Spectrophotometric 
measurements were conducted at wavelength 630 nm on a Lambda 35 Perkin Elmer UV-Vis 
spectrophotometer. 
7.2.4. Determination of 2-Propanol and Acetone 
Attenuated total reflectance infrared spectroscopy (ATR-IR) transmittance was conducted 
utilising a diamond/sapphire ATR crystal (top/bottom) (see experimental chapter). 
Experiments were initially completed across a range of 1100-3600 cm-1 to try to identify any 
intermediates or products in the microwave synthesis. After only isopropanol was observed 
by IR measurements, Reverse phase High Performance Liquid Chromatography (HPLC) was 
employed to determine both isopropanol and acetone before and after microwave reactions. 
A Thermo hypersil C18 column (100 mm vs 4.6 mm) with a 3 μm particle size was utilised with 
an eluent of water:methanol (40:60) and a typical diode array detector set to wavelengths of 
210 and 273 nm. 
  
164  
 
7.3. Results and Discussion 
7.3.1. SEM Analysis 
Palladium/Palladium oxide (Pd/PdO) nanoparticles were synthesised using a novel microwave 
synthesis technique for in-situ ammonia and iso-propanol dehydrogenation reactions. SEM 
studies were conducted to show both the formation of nanoparticles and estimate an 
approximate particle size of the catalytic powder. Figure 7-1 shows a typical SEM image of 
Pd/PdO nanoparticles at a couple of magnifications. Utilising ImageJ software, an 
approximate particle size of 20-50 nm is reported with larger agglomerates of 80-150 nm 
visible. 
 
 
Figure 7-1. FEG-SEM images of microwave synthesised Pd/PdO nanoparticles at 
magnifications of (a) 25 000X and (b) 50 000X. 
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7.3.2. XRD Analysis 
To observe both the crystallinity and phases of Pd and PdO that are present, XRD analysis was 
conducted and reflections seen compared to known reflections from the inorganic crystal 
structure database and assigned accordingly. Figure 7-2 shows the XRD pattern of Pd/PdO 
nanopowder as produced by the microwave reaction with Pd(NO3)2 precursor solution. 
Reflections are seen at 40.1o, 46.7o and 68.1o which correspond to the (111), (200) and (220) 
reflections of Pd, respectively (ICSD 00-046-1043). Furthermore, the presence of much 
weaker reflections at 33.9o, 54.8o and 60.2o correspond to reflections in (101), (112) and (103) 
planes of PdO (ICSD 00-043-1024), however these reflections are particularly low in intensity 
with relation to the noise. The mixed phases of palladium with palladium oxide correlates 
with XPS data (see figure 7-3). 
Figure 7-2. XRD pattern of microwave synthesised Pd/PdO synthesised from a Pd(NO3)2 
precursor solution. 
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7.3.3. XPS Analysis 
Figure 7-3. XPS survey analysis of Pd/PdO nanoparticles revealing Pd, O and surface 
adventitious carbon peaks. 
Figure 7-4. XPS survey of Pd 3d peaks over microwave synthesised Pd/PdO catalysts. 
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XPS surface analysis was undertaken on Pd/PdO powders to investigate the surface mixture 
of Pd and PdO, and the bonding modes of Pd (see figures 7-3 and 7-4). Meanwhile, high-
resolution scans over the Carbon and oxygen (Pd-TiO2 synthesised by Pd(NO3)2) provide 
further evidence and insights towards a possible mechanism as discussed further in a later 
section (See figures 7-5 and 7-6).  Large Palladium peaks were observed within the region of 
330-345 eV with 2 well defined spin-orbit doublets of Pd 3d5/2 and Pd 3d3/2 (see figure 7-4). 
All spectra revealed Pd peaks with small oxide peaks present on the powders revealing a 
mixture between Pd0 and Pd2+. Pd0 has been indicated to be active towards nitrate 
reduction.355 Small shifts in peak positions were observed when compared to previous XPS 
analysis of Pd-TiO2 (See chapter 6), as a result of using different palladium precursor in 
accordance with literature. 388 In figure 7-4, 4 peaks over the Pd 3d region are denoted PdI, 
PdII, PdIII and PdIV, with PdI and PdII corresponding to Pd 3d5/2 peaks located at 336.8 eV and 
338.6 eV respectively. Meanwhile, PdIII and PdIV correspond to Pd 3d3/2 peaks located at 342.2 
eV and 343.9 eV respectively. With PdI and PdIII consistent with the majority phase of Pd0 and 
PdII and PdIV correspond to the Pd2+ oxide phase of PdO. Figure 7-5 shows a high-resolution 
scan over the C1s carbon region of the survey between 281 to 300 eV, the C1s peak, likely to 
be adventitious surface carbon is located at its typical location of 286.1 eV. Meanwhile, a C1s 
carbonate peak appears at 288.9 eV indicating that some acetone or its respective C=O groups 
are left on the surface of the Pd/PdO powder after microwave synthesis and 
dehydrogenation. As initially, ammonia synthesis was observed via the synthesis of Pd-TiO2 
via Pd(NO3)2 precursor (see chapter 5), O1s surface analysis of Pd-TiO2 synthesised with 
Pd(NO3)2 precursor also gives some insight towards the mechanism of ammonia production 
and indicates isopropanol dehydrogenation. Figure 7-6a showing O1s XPS spectra over a 3 
minute synthesis and figure 7-6b shows an O1s spectra after 4 cycles of 3 minute synthesises 
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(pressure had to be released every 3 minutes, therefore repeat reactions were necessary). 
The three peaks are denoted OI, OII, and OIII relate to the O1s, OH- and C=O peaks respectively. 
The largest peak OI at ~529.5 eV corresponds to the O2- within the TiO2 anatase structure.350 
The peak OII shown at ~531.3 eV correlates to the OH- groups leftover on powders from the 
synthesis of TiO2 from titanium isopropoxide precursor, which follows a known reaction 
producing the isopropanol to be dehydrogenated (see equation 7-1).351–354 The final peak 
observed only with a longer synthesis denoted OIII at ~533.2 eV matches that of a carbonyl 
peak likely remaining on the powder from the synthesis where isopropanol can be oxidised 
over Pd to give acetone and act as a hydrogen source for the Pd(NO3)2 thermal decomposition 
in the microwave synthesis.384,387,389–392 All OI and OII peaks were observed within ± 0.2 eV of 
literature reported peaks. 
𝑇𝑖(𝑂𝐶𝐻(𝐶𝐻3)2)4 + 2𝐻2𝑂 → 𝑇𝑖𝑂2 + 4 (𝐶𝐻3)2𝐶𝐻𝑂𝐻   (7-1) 
Figure 7-5. Surface XPS analysis of the C1s region for microwave synthesised Pd/PdO. 
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Figure 7-6. Surface XPS analysis over O1s region of microwave synthesised Pd-TiO2 using 
Pd(NO3)2 precursor, revealing O1s peaks corresponding to the relevant surface OH and =O 
peaks. 
7.3.4. Mechanism studies 
Figure 7-7. Graph showing ammonia yield from microwave synthesis of 3.97wt% Pd-TiO2, 
utilising Pd(NO3)2 precursor, over a variety of synthesis times, (inset) shows tabulated exact 
values of ammonia yield at various reaction times. 
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After concentrations of up to 13.0 mM ammonia were detected when Pd(NO3)2 was utilised 
as the palladium source in the microwave synthesis, attention was paid to understand the 
mechanism and identify whether the ammonia production is followed a catalytic reaction or 
simply a by-product of the synthesis. Figure 7-7 shows how ammonia yield changes with 
microwave reaction time, the ammonia yield decreasing after 1 minute of synthesis time is 
likely due to ammonia oxidation but continues to increase after repeated 3-minute synthesis 
steps. 
Figure 7-8. Pictures of Pd(NO3)2 before 3 minute microwave synthesis and after microwave 
synthesis resulting in Pd/PdO nanoparticles. 
Therefore, a series of control experiments were conducted to help understand the 
mechanism behind the ammonia production. To prove Pd(NO3)2 was the source of reactive 
nitrogen, an alternative palladium source was used (PdCl2) and led to no ammonia being 
observed after formation of Pd-TiO2. Furthermore, when additional nitrate (KNO3) or Pd-TiO2 
was added to the synthesis no additional ammonia yield was present indicating it wasn’t a 
catalytic reaction. However, when a Pd(NO3)2 solution was subjected to the same synthesis 
conditions without the presence of titanium isopropoxide producing Pd/PdO nanoparticles 
(See figure 7-8), but no ammonia yield was observed, indicating titanium (IV) isopropoxide or 
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its organic component influence the mechanism. Titanium isopropoxide follows a well-known 
hydrolysis reaction in water (see equation 7-1), leading to the production of isopropanol.354 
Isopropanol has been shown to be a hydrogen source by dehydrogenation over Pd catalysts 
in literature.384,387,389 It was therefore plausible that isopropanol was being oxidised over Pd 
to produce acetone and hydrogen and act as a hydrogen source, XPS provides some evidence 
for this as peaks have been identified for both hydroxyl and carbonyl groups on the oxygen 
O1s and carbon C1s peaks (see figure 7-5 and 7-6). Therefore, to prove the isopropanol was 
influencing the production of ammonia, a Pd(NO3)2 solution was spiked with isopropanol and 
underwent a typical microwave synthesis experiment without the presence of titanium (IV) 
isopropoxide and similar yields of ammonia were observed. Yuvaraj et al,393 showed that 
noble metal nitrates in the presence of hydrogen are able to thermally decompose into Pd 
metal, ammonia and water, via a well-known spillover mechanism (see figure 7-9 and 
equation 7-2). Although, hydrogen gas is not provided into this current synthesis in 
contradiction to literature, evidence shows that isopropanol is likely acting as a hydrogen 
source. Figure 7-10 shows an illustration of a probable reaction mechanism in the microwave 
synthesis based on the evidence of these control experiments and literature. 
𝑀(𝑁𝑂3)2 + 9𝐻2   →   𝑀 + 2𝑁𝐻3 + 6𝐻2𝑂    (7-2) 
Figure 7-9. Mechanism of noble metal nitrate decomposition to form ammonia. Reproduced 
from reference.393  
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Figure 7-10. Illustration of possible mechanism behind in-situ microwave dehydrogenation of 
isopropanol and ammonia synthesis via the production of Pd/PdO nanoparticles. 
Figure 7-11. IR analysis of supernatant aqueous samples after a 3 minute microwave reaction, 
isopropanol is observed but no acetone is seen. 
To provide further evidence to support the mechanism shown above in figure 7-10, both ATR-
IR and HPLC analysis before and after microwave reactions were conducted. Figure 7-11 
shows an infrared spectrum across a range of 1100 to 3600 cm-1 conducted after a 3 minute 
microwave synthesis. Since these were aqueous liquid samples used and even though the 
background was corrected for this, a vast amount of noise is present on the measurement. 
Even with this instrumental noise, we observe several peaks that can be assigned to 
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isopropanol found at 1127 cm-1, 1164 cm-1, 1306 cm-1, 1380 cm-1, 2928 cm-1 and 2976 cm-1. 
No other reaction intermediates or products could be seen, therefore HPLC was conducted. 
Figure 7-12. HPLC diagram showing typical retention time of 10% (v/v) isopropanol in water 
at (a) 210 nm and (b) 273 nm. 
 
Figure 7-13. HPLC diagram showing typical retention time of 10% (v/v) acetone in water at (a) 
210 nm and (b) 273 nm.  
(b) 
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Figure 7-14. HPLC diagrams of samples taken before and after a typical 3 minute Pd/PdO 
synthesis, where (a) and (b) are before microwave reaction at 210 nm and 273 nm 
respectively. While (c) and (d) are after microwave reaction at 210 nm and 273 nm 
respectively. 
Due to the heavy noise observed under infrared measurements when investigating aqueous 
samples, HPLC was investigated instead to try and provide proof of acetone formation, 
following typical diode array detector (DAD) procedure done previously.394 Figures 7-12 and 
7-13 show a typical HPLC retention diagrams for 10% (v/v) isopropanol in DI H2O and 10% 
(v/v) acetone in DI H2O respectively. Figure 7-12a shows isopropanol with a short retention 
time of 2.14 minutes when measured at 210 nm, however, no significant peaks are observed 
for isopropanol at 273 nm on figure 7-12b but does appear to produce a small amount of 
noise in the region around 3 minutes. Meanwhile, figure 7-13a shows no significant peak at 
210 nm for acetone, while figure 7-13b shows a large peak at a retention time of 3.25 minutes 
for acetone. Therefore, as there are no significant peaks at the 273 nm wavelength for 
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isopropanol, this can be utilised to distinguish acetone from isopropanol in measured 
samples. After, peaks had been observed for both acetone and isopropanol and their 
retention times known, samples from before and after microwave reactions were measured 
(see figure 7-14). Here we observe that no acetone is seen before the microwave synthesis 
(see figure 7-14b), but after synthesis a small peak corresponding to acetone is observed, 
albeit less than 0.1% (v/v) in DI H2O (see figure 7-14d). Thus, proving that isopropanol is 
converted to acetone through microwave synthesis of Pd/PdO nanoparticles and provides 
further evidence towards the illustrated mechanism shown in figure 7-10. Meanwhile, 
isopropanol is observed both before and after microwave reactions as 14.8% (v/v) and 14.5% 
(v/v) in DI H2O respectively, some isopropanol or acetone could be lost due to evaporation 
during the microwave synthesis. 
7.4. Conclusions 
In summary, a one-pot microwave synthesis of Pd/PdO nanoparticles at low temperature and 
pressure is reported. The nanoparticles were characterised by SEM, XRD and XPS, revealing a 
20-50 nm approximate particle size, -with a few larger agglomerates, and a Pd0 metal majority 
phase in the powder as agreed by both XRD and XPS. Ammonia was observed to be produced 
in the microwave synthesis as per previous chapters, and its mechanism was studied in depth. 
Experimental evidence suggested that a thermal metal nitrate decomposition occurs under 
microwave irradiation utilising the dehydrogenation of isopropanol as a hydrogen source. As 
far as we have observed, this is the first report of ammonia synthesis via microwave 
irradiation of a metal nitrate solution, utilising desirable low temperatures and pressures. 
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Chapter 8: Conclusions and Future Work   
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8.1. Conclusions 
The ability to produce ammonia and other solar fuels via a green and renewable methods is 
an important goal in tackling the energy crisis and providing a new energy storage route to 
pursue. Photocatalytic and photoelectrochemical production of solar fuels provides a 
practical and promising method to produce solar fuels at room temperature and pressure, at 
any location. Ammonia is likely to play a key part in the energy future of our planet, whether 
directly as a fuel, as a hydrogen storage material or its use in a direct ammonia fuel cell. The 
work outlined in this thesis aimed to build on existing knowledge and provide new insights 
into solar fuel production, with particular effort on producing ammonia by photocatalytic and 
photoelectrochemical means. 
8.1.1. Synthesis and photoelectrochemical studies of p-CuFe2O4 
Copper Ferrite has only recently been explored as a photocathodic material for water splitting 
in the photoelectrochemical hydrogen production field. As with the instability of other 
copper-based metal oxide photocathodes, yet the well-known stability of many iron oxides, 
it seems a logical step to introduce iron into copper oxides to provide further stability. Due to 
the well-established nature of AACVD to control a nanostructured morphology ideal for 
photoelectrochemical applications, it was theorised that it would be possible to produce pure 
p-CuFe2O4 thin films via this method to show improved performance. 
Following previous AACVD procedures, p-CuFe2O4 thin films were synthesised, albeit with a 
α-Fe2O3 impurity, consequently efforts were made to make phase-pure CuFe2O4 with a 
slightly deficient iron synthesis found to be key to the pure phase synthesis. The as-
synthesised thin films were found to have favourable nanostructure with nanoplatelets 
providing a high surface area, and a possible trapping mechanism for UV light between the 
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surface nanostructure. In addition, the band gap of 1.6eV and conduction band edges were 
favourable towards all solar fuel production including hydrogen evolution, nitrate reduction, 
nitrogen reduction and carbon dioxide reduction. It also provided favourable absorption 
across the majority of the visible region. Unfortunately, upon photoelectrochemical study, 
the thin films suffered similar stability issues as that of copper oxide, degrading by 80% after 
10 minutes of illuminated under a potential. Evidence of the degradation mechanism was 
found to be similar to that of BiVO4 with copper appearing to migrate to the surface. After 
this, kinetic IMPS studies were conducted showing favourable charge transfer rate constants 
and low recombination rate constants at low negative bias potential. Regrettably, due to its 
poor stability under a potential this material was not studied further for photoelectrochemical 
nitrate/nitrogen reduction reactions. 
8.1.2. Investigating Semiconductors for Photocatalytic Ammonia Production 
With a wide variety of materials studied through the literature for ammonia production, some 
had been subject to scrutiny and controversy. Therefore, it became necessary to conduct a 
semiconductor photocatalyst screening exercise, where several photocatalysts were 
investigated for photocatalytic ammonia production, in order to find a suitable material to 
continue the objectives of the project. After the initial unfortunate results of CuFe2O4, 
photocatalytic ammonia production tests were conducted on: copper oxides, zinc oxide, 
ferrite powders, bismuth titanate pyrochlore, graphitic carbon nitride, titanium dioxide and 
doped titanium dioxide powders. All powders were tested for both nitrate and nitrogen 
reduction reactions, however only the TiO2 powders showed promise for the reactions. 
After initial studies, indicated that microwave synthesis TiO2 was active for nitrogen 
reduction, further investigation revealed ammonia synthesis within the microwave 
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photocatalyst synthesis procedure instead. This led to the photocatalytic nitrogen reduction 
activity being revealed as a false positive, with just surface nitrate reduction leftover from the 
synthesis occurring instead. However, this discovery revealed the possibility of photocatalytic 
nitrate reduction over microwave synthesised doped TiO2 powders. Only Pd-TiO2 showed 
activity higher than that of bare M/W-TiO2 for ammonia production, with all other dopants 
(Cu, Ni, Fe, Mg) failing to dope their respective titanium dioxide. 
8.1.3. Microwave Synthesised Pd-TiO2 for Photocatalytic Ammonia Production 
After initial experiments revealed microwave synthesised palladium doped titanium dioxide 
catalysts had activity for photocatalytic nitrate reduction, further investigations were 
conducted. A series of Pd-TiO2 photocatalysts were synthesised at various dopant levels and 
fully characterised by SEM, XRD, XPS, EDX and UV-vis. This revealed a 50-100 nm particle size, 
anatase phase, a larger dopant concentration on the surface compared to bulk, until higher 
dopant levels and a general improvement in visible light absorption as Pd dopant 
concentration was increased. Yields of ammonia were investigated over 3 hour photocatalytic 
reactions and compared to previous similar literature procedures, revealing 2.67wt% dopant 
level with the highest activity for photocatalytic nitrate reduction. 
After initial photocatalytic results revealed much higher activities than some previous reports, 
the optimisation of the photocatalytic procedure was undertaken. Conditions such as: stirring 
rate, N2 flow rate, pH, catalyst loading and initial nitrate concentration were optimised leading 
to over 40% increases in yield for some catalysts and doubled calculated photocatalytic 
activities in some cases. Finally, photoelectrochemical studies were done on drop casted 
photoelectrodes revealing smaller charge transfer resistance with doped Pd-TiO2 powders 
when compared to bare M/W-TiO2. 
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8.1.4. Microwave Ammonia Synthesis via Pd/PdO Nanoparticle synthesis and In-situ 
Isopropanol Dehydrogenation 
After initial studies of synthesising Pd-TiO2 via Pd(NO3)2 and titanium isopropoxide precursors 
yielded ammonia during the microwave synthesis of Pd-TiO2, further investigation was 
warranted to determine the mechanism behind this novel discovery. A series of control 
experiments were designed and carried out to prove (a) what was the nitrogen source? (b) 
what was the hydrogen source? and (c) is it catalytic? After an alternate palladium precursor 
was utilised, no ammonia production was observed proving ammonia was synthesised via the 
nitrate on the palladium precursor. A further control experiment involved spiking a PdCl2 
synthesis with an alternate nitrate source, also failed to yield ammonia leading to assumption 
that it was not catalytic and the decomposition of Pd(NO3)2 was of key importance. Now to 
discover the hydrogen source, titanium isopropoxide was removed from the synthesis, which 
yielded no ammonia, however when isopropanol (usually formed from titanium isopropoxide 
hydrolysis) was reintroduced instead, similar ammonia yields were observed. Providing 
evidence that it was (1) Pd(NO3)2 decomposition, (2) isopropanol was the hydrogen source 
and (3) it didn’t seem to be catalytic. 
 After this, Pd/PdO catalyst was characterised by SEM, XRD and XPS before mechanistic study 
was undertaken to try to prove a mechanism behind this reaction. Carbonate peaks on both 
C1s and O1s XPS after microwave reaction provided initial evidence that isopropanol was 
being dehydrogenated to acetone, providing hydrogen to the mechanism. Meanwhile, IR and 
HPLC both reveal isopropanol, with HPLC also showing definitive proof of acetone present 
after microwave reaction. Therefore, a suggested mechanism was provided with an initial 
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dehydrogenation reaction to produce hydrogen, which is then adsorbed onto the Pd surface 
and utilised in Pd(NO3)2 decomposition by a spill-over mechanism. 
8.2. Future Work 
Several observations were made throughout the experimental results chapters in this thesis 
that would benefit from additional research projects, or further investigation. Herein, a few 
ideas and examples for further research projects is presented. 
8.2.1. Synthesis and Photoelectrochemical Studies of p-CuFe2O4 
An obvious first step in future studies of p-CuFe2O4 photoelectrodes is to investigate methods 
of improving its photostability, so that it no longer degrades to 80% of its original activity 
within 10 minutes. A number of literature techniques have investigated this mainly with the 
attempts of stopping Cu2O degradation, with some investigating atomically thin layers on the 
surface of the photoelectrode via expensive atomic layer deposition techniques.16 While 
others utilise synthesis techniques to incorporate Cu2O with any semiconductor to act as a 
protective component while improving photoactivity.245  
Another interesting observation that was made during the synthesis of pure phase p-CuFe2O4 
was that impure p-CuFe2O4 with α-Fe2O3 impurities appeared to show much high 
photocurrent performance. This was not studied further in this thesis; however, it would be 
an intriguing study investigating how the level of impurity affects both the photocurrent and 
photostability. Fully investigating the kinetics would provide key insights as to what effect the 
impurity is having on an electronic level. 
Lastly, further investigation could be conducted on the optimisation study conducted on p-
CuFe2O4, examining why certain modifications led to higher photocurrent with analysis of the 
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surface morphology and composition with additional kinetic studies. This would aid in fully 
understanding how each parameter really affects the photoelectrode and give evidence 
behind the reasons of photocurrent improvements.  
8.2.2. Investigating Semiconductors for Photocatalytic Ammonia Production 
To begin with, developing methods of detection for hydrogen, nitrate, nitrite and nitrogen so 
that they can be detected either in-situ or afterwards via GC, ion chromatography or 
colorimetric methods would greatly aid in understanding why certain photocatalysts didn’t 
work. This would also aid in observing any intermediates occurring such as nitrite formation 
in nitrate reduction studies. 
Of the many powders that failed to show activity, g-C3N4 and the doped M-TiO2 photocatalyst 
powders merit further study. There was insufficient evidence with just XRD to prove that g-
C3N4 was fully synthesised by the literature poly-condensation method investigated, 
therefore further characterisation and photocatalytic study on this promising material would 
be prudent. Meanwhile, developing a new synthesis method for M doped TiO2 would be high 
priority, in order to properly dope the photocatalytic powders and stop the removal of metal 
ions by successive washings, from here photocatalytic improvements in activity may be 
observed. Some preliminary studies on utilising ethylene glycol (EG) and diethylene glycol 
(DEG) as two alternative solvents was conducted to allow for higher temperature microwave 
reactions. However, without a different titanium precursor, water is necessary for titanium 
isopropoxide hydrolysis. Suggesting that either a water/EG or water/DEG mixture is 
investigated or an alternative titanium precursor is investigated that would dissolve in DEG or 
EG. 
 
183  
 
8.2.3. Microwave Synthesised Pd-TiO2 for Photocatalytic Ammonia Production 
As mentioned previously, developing a determination process for nitrite, nitrate and nitrogen 
as intermediates of this reaction would provide further insight into the photocatalytic 
reaction conducted here. This would also allow for total %conversion and %selectivity for NH3 
to be calculated. Additionally, an improved synthesis method for synthesising Pd-TiO2 
photoelectrodes is needed for further kinetic and photoelectrochemical study to be 
conducted. Current photoelectrodes are not stable enough for long term measurements. This 
would open possibilities for photoelectrochemical studies on nitrate and nitrogen reduction. 
8.2.4. Microwave Ammonia Synthesis via Pd/PdO Nanoparticle synthesis and In-situ 
Isopropanol Dehydrogenation 
Although substantial experiments have already pretty much removed catalytic as a possibility 
for ammonia production, it is possible that it may still be a catalytic process. To prove this, 
letting the reaction proceed to completion under an argon atmosphere is suggested to stop 
the possibility of ammonia oxidation. Then reintroduction of further isopropanol and nitrate 
(not palladium nitrate) with the Pd/PdO nanoparticles and investigate if further yields of 
ammonia can be produced. Lastly, as stated previously the ability to observe the 
concentrations of nitrate, nitrite and nitrogen being produced would be ideal for further 
insight into the reaction mechanism. 
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9.1. Appendix Tables 
Appendix table 1 – Literature comparison of photocatalytic nitrogen reduction. 
no. Photocatalyst gcat / g volume / mL 
irradiatio
n time / h 
lamp/Power 
N 
source 
Hole 
Scavenger 
reported yield 
calculated 
activity / 
µmolg-1h-1 
Ref
. 
1 TiO2 0.2 gas phase 3 Hg – 360 W N2 none 1.75 µmol 2.92 
32 
.2 Fe2O3-TiO2 0.2 gas phase 3 Hg – 360 W N2 none 6.0 µmol 10 32 
3 α-Fe2O3 0.2 gas phase 3 Hg – 360 W N2 none 0.6 µmol 1 32 
4 Fe-TiO2 0.2 gas phase 3 Hg – 360 W N2 none 6.4 µmol 10.6 32 
5 Co-TiO2 0.2 gas phase 3 Hg – 360 W N2 none 3.8 µmol 6.3 32 
6 Mo-TiO2 0.2 gas phase 3 Hg – 360 W N2 none 4.0 µmol 6.6 32 
7 TiO2 0.3 270 5 Hg – 100 W N2 none 1.8 µmolg-1 0.36 59 
8 Pt-TiO2 0.3 270 5 Hg – 100 W N2 none 2.8 µmolg-1 0.56 59 
9 ZnO 0.3 270 5 Hg – 100 W N2 none 2.1 µmolg-1 0.42 59 
10 SrTiO3 0.3 270 5 Hg – 100 W N2 none 1.9 µmolg-1 0.38 59 
11 Pt-SrTiO3 0.3 270 5 Hg – 100 W N2 none 2.4 µmolg-1 0.48 59 
12 CdS 0.3 270 5 Hg – 100 W N2 none 3.2 µmolg-1 0.64 59 
13 Pt-CdS 0.3 270 5 Hg – 100 W N2 none 4.9 µmolg-1 0.98 59 
14 GaP 0.3 270 5 Hg – 100 W N2 none 4.6 µmolg-1 0.92 59 
15 Pt-GaP 0.3 270 5 Hg – 100 W N2 none 7.5 µmolg-1 1.5 59 
16 SiC-TiO2 0.3 270 5 Hg – 100 W N2 none 3.0 µmolg-1 0.6 59 
17 Ti3+ - Ca-5A zeolite n.r. n.r. 2 n.r. – 150 W N2 none 0.35 mgh-1 gcat-1 20.5 395 
18 
recycled Ti3+ - Ca-5A 
zeolite 
n.r. n.r. 2 n.r. – 150 W N2 none 0.5 mgh-1gcat-1 29.4 
395 
19 Fe-TiO2 4 gas phase 5-10 Hg – 400 W 
H2O + 
N2 
none 50-100 µgh-1 0.74-1.47 
50 
20 Fe-TiO2 on Al2O3 5 gas phase 2 Hg – 400 W 
H2O + 
N2 
none 110 µg 0.65 
51 
21 Ti3+ - K-3A zeolite 1 n.r. 3 PF – 150 W N2 none 0.4 mggcat-1 7.8 
58 
22 
recycled Ti3+ - K-5A 
zeolite 
1 n.r. 3 PF – 150 W N2 none 1.48 mggcat-1 29 
58 
23 Ti3+ - Na-4A zeolite 1 n.r. 3 PF – 150 W N2 none 0.22 mggcat-1 4.3 58 
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no. Photocatalyst gcat / g volume / mL 
irradiatio
n time / h 
lamp/Power 
N 
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Hole 
Scavenger 
reported yield 
calculated 
activity / 
µmolg-1h-1 
Ref
. 
24 Ti3+ - Ca-5A zeolite 1 n.r. 3 PF – 150 W N2 none 0.55 mggcat-1 10.8 
58 
25 
recycled Ti3+ - Ca-5A 
zeolite 
1 n.r. 3 PF – 150 W N2 none 1.68 mggcat-1 32.9 
58 
26 SrTiO3 0.5 5 2 Hg – 450 W N2 none 0.41 µmol 0.41 60 
27 BaTiO3 0.5 5 2 Hg – 450 W N2 none 0.87 µmol 0.87 60 
28 NiO-SrTiO3 0.5 5 2 Hg – 450 W N2 none 0.89 µmol 0.89 60 
29 RuO2-SrTiO3 0.5 5 2 Hg – 450 W N2 none 0.75 µmol 0.75 60 
30 RuO2-NiO-SrTiO3 0.5 5 2 Hg – 450 W N2 none 2.51 µmol 2.51 60 
31 RuO2-NiO-BaTiO3 0.5 5 2 Hg – 450 W N2 none 2.61 µmol 2.61 60 
32 AgI 4.7 30 9 Hg – 550 W N2 none 0.0615 mgL-1h-1 0.023 61 
33 Ag2O 4.7 30 9 Hg – 550 W N2 none 0.052 mgL-1h-1 0.02 61 
34 AgCl 4.7 30 9 Hg – 550 W N2 none 0.0358 mgL-1h-1 0.013 61 
35 Fe-TiO2 1.6 gL-1 n.r. 6 Hg – 85 W  N2 none 52 µmolL-1 5.42 62 
36 Fe-TiO2 n.r. gas phase 3 Hg – 100 W 
H2O + 
N2 
none 2.87 µmolg-1h-1 2.87 
52 
37  Fe-TiO2/Al2O3 (1:4) n.r. gas phase 3 Hg – 100 W 
H2O + 
N2 
none 5.33 µmolg-1h-1 5.33 
52 
38 WO3 0.58 50 5 Xe – 1400 W N2 none 9.2 µg 0.19 63 
39 Fe2O3:Fe3O4 (9:1) 0.03 30 580 Xe – 150 W N2 none 10 µmolg-1h-1 10 64 
40 Fe2O3(H2O)n n.r. 35 1 W – 100 W N2 none 4 µmol L-1 - 65 
41 Cr-TiO2 1 gas phase 3 Hg – 160 W 
H2O + 
N2 
none 0.96 µgh-1m-2 4.25 
53 
42 Fe-TiO2 1 gas phase 3 Hg – 160 W 
H2O + 
N2 
none 1.46 µgh-1m-2 4.22 
53 
43 Rutile-TiO2 n.r. gas phase n.r. Hg – 200 W 
H2O + 
N2 
none 205 µmolg-1* - 
54 
44 
TiO2(H2O)n--
Fe2O3(H2O)n 
n.r. 35 1 W – 100 W N2 none 11 µmol - 
66 
45 Cu2O(H2O)n n.r. 350 1 Hg – 450 W N2 none 30 µmol - 67 
46 Cu2O(H2O)n--CuCl n.r. 350 1.5 Hg – 450 W N2 none 100 µmolL-1 - 305 
47 TiO2 0.2 300 2 Hg – 400 W N2 none 5 µmolL-1 3.8 68 
48 Mg-TiO2 0.2 300 2 Hg – 400 W N2 none 15 µmolL-1 11.3 68 
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reported yield 
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activity / 
µmolg-1h-1 
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. 
49 Fe(OH)3-clay 0.2 100 4 Hg – 125 W N2 none 12.0 µmolL-1 1.5 69 
50 Fe2O3.nH2O 0.2 100 1 Hg – 125 W N2 none 6 µmolL-1 3 69 
51 Fe2O3-TiO2 1 gas phase 1 Hg – 160 W N2 none 438 *10^-8 gm-2 17.9 55 
52 Fe3O4-Ferrofluid 
1.075 
mg 
25 5 Xe – 250 W N2 none 150 µmol 27900 
82 
53 Fe(O)OH n.r. 500 24 Hg – 400 W N2 none 60 µmol - 72 
54 Fe2O3-Nafion 20 cm2 350 60 Hg – 400 W N2 none 20 µmolL-1 - 71 
55 Sm2O3.[H2O]n n.r. 275 5 Hg – 400 W N2 none 22 µmol - 70 
56 Eu2O3. [H2O]n n.r. 275 4 Hg – 400 W N2 none 20 µmol - 70 
57 
V-Fe2O3.nH2O (1:1, 
V:Fe) 
n.r. 350 23 Hg – 400 W N2 none 185 µmolL-1 - 
73 
58 Ce-TiO2 0.2 250 6 Hg – 400 W N2 none 30 µmolL-1 6.25 396 
59 V-TiO2 0.2 250 3 Hg – 400 W N2 none 28 µmolL-1 11.6 396 
60 
Sm2O3-V2O3.nH2O 
(1:1) 
n.r. 400 1 Hg – 400 W N2 none 80 µmolL-1h-1 - 
74 
61 Fe-TiO2 0.03 30 0.25 Xe – 250 W N2 none 2.7 µmolL-1 10.8 397 
62 Ru-TiO2 0.03 30 0.25 Xe – 250 W N2 none 3.3 µmolL-1 13.2 397 
63 Os-TiO2 0.03 30 1 Xe – 250 W N2 none 2.2 µmolL-1 2.2 397 
64 Ru-TiO2 0.1 20 1 Xe – 150 W N2 none 1.73 µmol 17.3 86 
65 Pt-TiO2 0.1 20 1 Xe – 150 W N2 none 0.48 µmol 4.8 86 
66 Pd-TiO2 0.1 20 1 Xe – 150 W N2 none 1.18 µmol 11.8 86 
67 Rh-TiO2 0.1 20 1 Xe – 150 W N2 none 1.26 µmol 12.6 86 
68 Fe-TiOx/p3MeT film n.r. gas phase days PSL 
H2O + 
N2 
none 8.3 µmolh-1m-2 - 
87 
69 Fe2Ti2O7 film 
19.8 
cm2 
n.r. 1.5 Hg – 200 W N2 EtOH 17 µM - 
88 
70 PCz-TiOx polymer film 2 cm2  gas phase 168 PSL – 75 W 
H2O + 
N2 
none 3.6 mmolm-2 - 
89 
71 Ru-TiO2 
19.8 
cm2 
n.r. 1 Xe – 150 W N2 
humic acid + 
EtOH 
6 µM - 
90 
72 
p3MeT-TiOx polymer 
film 
2 cm2  gas phase 168 PSL – 100 W 
H2O + 
N2 
none 2.5 mmolm-2 - 
91 
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73 Pt/ZnO 0.1 35 3 Hg – 450 W  N2 Na2SO3 86 µmolg-1h-1 86 92 
74 
H-term. diamond 
powder 
0.0035 35 18 Hg/Xe – 450 W N2 none 2.3 µg 2.1 
126 
75 Ru-TiO2 0.0035 35 6 Hg/Xe – 450 W N2 none 1 µg 2.8 126 
76 Fe-TiO2 0.1 100 3 UV – 4 W Air EtOH 1.2 mM 400 321 
77 Cs2O promoted Os-Au n.r. gas phase 2 AM 1.5G 
N2 + 
H2 
none 2.69 mmolg-1h-1 2690 
145 
78 NV-g-C3N4 0.05 50 15 Xe – 300 W N2 MeOH 2.4 mmol/L 160 104 
79 
MO2Fe6S8-SN2S6 
chalcogel 
0.2 10 32 Xe – 150 W N2 
Sodium 
ascorbate 
5.21 ppm 45.3 
132 
80 {001}-BiOBr-OV NS 0.05 100 1 Xe – 300 W N2 none 223.3 µmolg-1h-1 223.3 96 
81 FeS-SnS chalcogel 0.15 10 48 Xe – 150 W N2 
Sodium 
ascorbate 
16 ppm 1.23 
133 
82 WO3.H2O/C 0.05 150 1 
Xe – 500 
mWcm-2 
Air none 219.23 µmolg-1h-1 219.2 
97 
83 P25-TiO2/C 0.05 150 1 
Xe – 500 
mWcm-2 
Air none 129.62 µmolg-1h-1 129.6 
97 
84 BiOBr/C 0.05 150 1 
Xe – 500 
mWcm-2 
Air none 49.21 µmolg-1h-1 49.2 
97 
85 H-Bi2MoO6 0.05 100 1 Xe – 300 W Air none 1.3 mmolg-1h-1 1300 136 
86 Bi2MoO6 0.05 100 1 Xe – 300 W Air none 0.52 mmolg-1h-1 520 136 
87 {001}-Bi5O7I 0.05 100 1.6 Xe – 300 W N2 MeOH 111.5 µmolL-1h-1 223 98 
88 {100}-Bi5O7I 0.05 100 1.6 Xe – 300 W N2 MeOH 47.6 µmolL-1h-1 95.2 98 
89 g-C3N4  0.2 500 100 Na – 250 W Air EDTA-2Na 0.219 mgL-1h-1g-1 6.08 105 
90 H-g-C3N4  0.2 500 100 Na – 250 W Air EDTA-2Na 1.114 mgL-1h-1g-1 30.9 105 
91 rGO-H-g-C3N4 0.2 500 100 Na – 250 W Air EDTA-2Na 9.276 mgL-1h-1g-1 257.7 105 
92 rGO g-C3N4 0.2 500 100 Na – 250 W Air EDTA-2Na 2.541 mgL-1h-1g-1 70.6 105 
93 M/W-g-C3N4 0.2 500 20 Na – 250 W N2 EtOH 5.1 mgL-1h-1g-1 141.7 106 
94 Fe-TiO2 0.2 500 20 Na – 250 W N2 EtOH 2.0 mgL-1h-1g-1 55.6 106 
95 Fe2Ti2O7 0.2 500 20 Na – 250 W N2 EtOH 2.5 mgL-1h-1g-1 69.4 106 
96 Ru-TiO2 0.2 500 20 Na – 250 W N2 EtOH 4.2 mgL-1h-1g-1 116.7 106 
97 BiOBr 0.2 500 20 Na – 250 W N2 EtOH 3.3 mgL-1h-1g-1 91.7 106 
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98 Mo0.1Ni0.1Cd0.8S 0.2 500 4 Na – 250 W N2 EtOH 3.2 mgL-1h-1gcat-1 88.9 
127 
99 Ni0.13Cd0.87S0.95 0.2 500 4 Na – 250 W N2 EtOH 1.9 mgL-1h-1gcat-1 52.8 
127 
10
0 
Mo0.12Cd0.92S1.08 0.2 500 4 Na – 250 W N2 EtOH 1.4 mgL-1h-1gcat-1 38.9 
127 
10
1 
Zn0.1Sn0.1Cd0.8 0.2 500 4 Na – 250 W N2 EtOH 7.5 mgL-1h-1gcat-1 208.3 
128 
10
2 
Zn0.12Cd0.92S0.98 0.2 500 4 Na – 250 W N2 EtOH 4.2 mgL-1h-1gcat-1 116.7 
128 
10
3 
Sn0.1Cd0.88S1.04 0.2 500 4 Na – 250 W N2 EtOH 3.0 mgL-1h-1gcat-1 83.3 
128 
10
4 
H-CdS 0.2 500 4 Na – 250 W N2 EtOH 1.0 mgL-1h-1gcat-1 27.8 
128 
10
5 
g-C3N4 0.2 500 4 Na – 250 W Air EtOH 0.26 mgL-1h-1g-1 7.22 
107 
10
6 
Zn0.12Mo0.12Cd0.9S1.14 0.2 500 4 Na – 250 W Air EtOH 2.0 mgL-1h-1g-1 55.6 
107 
10
7 
Zn0.12Mo0.12Cd0.9S1.14:g
-C3N4 
0.2 500 4 Na – 250 W Air EtOH 3.5 mgL-1h-1g-1 97.2 
107 
10
8 
CdS-MoFe 300 µL 1.5 1.25 405 nm diode N2 HEPES 
315 nmolmg-1min-
1 
- 
134 
10
9 
{001}-BiOCl-OV 0.05 100 2 Xe – 500 W N2 MeOH 1.19 µmolh-1 23.8 
99 
11
0 
{010}-BiOCl-OV 0.05 100 2 Xe – 500 W N2 MeOH 4.62 µmolh-1 92.4 
99 
11
1 
P25 TiO2 0.05 100 2 Xe – 500 W N2 MeOH 3.79 µmolh-1 75.8 
99 
11
2 
Fe2O3-3DG 0.24 gas phase 2.6 Hg – 500 W  
H2 + 
N2 
none 408 µggcat-1 h-1 24 
398 
11
3 
g-C3N4 0.2 500 4 Na – 250 W N2 EtOH 0.96 mgL-1h-1g-1 26.7 
110 
11
4 
M/W-g-C3N4 0.2 500 4 Na – 250 W N2 EtOH 3.01 mgL-1h-1g-1 83.6 
110 
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11
5 
H2O-g-C3N4 0.2 500 5 Na – 250 W N2 EDTA-2Na 0.22 mgL-1h-1gcat-1 6.1 
109 
11
6 
MeOH-g-C3N4 0.2 500 5 Na – 250 W N2 EDTA-2Na 6.0 mgL-1h-1gcat-1 166.7 
109 
11
7 
Fe-TiO2 0.2 500 4 Na – 250 W N2 EtOH 1.88 mgL-1h-1gcat-1 52.2 
108 
11
8 
Fe2Ti2O7 0.2 500 4 Na – 250 W N2 EtOH 2.38 mgL-1h-1gcat-1 66.1 
108 
11
9 
BiOBr 0.2 500 4 Na – 250 W N2 EtOH 3.25 mgL-1h-1gcat-1 90.3 
108 
12
0 
Ru-TiO2 0.2 500 4 Na – 250 W N2 EtOH 4.2 mgL-1h-1gcat-1 116.7 
108 
12
1 
R-g-C3N4 0.2 500 4 Na – 250 W N2 EtOH 6.32 mgL-1h-1gcat-1 175.6 
108 
12
2 
Bi2O2CO3 0.02 20 2.5 Xe – 300 W N2 none 14 µmolg-1h-1 14 
137 
12
3 
Au-NP-Bi2O2CO3 0.02 20 2.5 Xe – 300 W N2 none 38.2 µmolg-1h-1 38.2 
137 
12
4 
CuCr-LDH NS 0.05 20 1 Xe – 300 W N2 none 185 µmolL-1 74 
144 
12
5 
NiCr-LDH NS 0.05 20 1 Xe – 300 W N2 none 59 µmolL-1 23.6 
144 
12
6 
ZnCr-LDH NS 0.05 20 1 Xe – 300 W N2 none 32 µmolL-1 12.8 
144 
12
7 
NiAl-LDH NS 0.05 20 1 Xe – 300 W N2 none 24 µmolL-1 9.6 
144 
12
8 
ZnAl-LDH NS 0.05 20 1 Xe – 300 W N2 none 38 µmolL-1 15.2 
144 
12
9 
β-Ga2O3 0.1 100 3 UV – 8 W Air tert-butanol 0.851 µMs-1 3060 
146 
13
0 
TiO2 0.025 50 2 Xe – 500 W N2 EtOH 1.55 mmolL-1g-1 38.8 
399 
13
1 
Fe2O3-TiO2 0.025 50 2 Xe – 500 W N2 EtOH 2.9 mmolL-1g-1 72.5 
399 
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13
2 
Pd/Fe2O3-TiO2 0.025 50 2 Xe – 500 W N2 EtOH 3.3 mmolL-1g-1 82.5 
399 
13
3 
Fe2O3 0.025 50 2 Xe – 500 W N2 EtOH 5.4 mmolL-1g-1 135 
399 
13
4 
g-C3N4 0.2 500 4 Na – 250 W N2 EtOH 0.4 mgL-1h-1gcat-1 44.4 
111 
13
5 
Fe- g-C3N4 0.2 500 4 Na – 250 W N2 EtOH 5.4 mgL-1h-1gcat-1 600 
111 
13
6 
n-GaN 0.035 gas phase 24 Xe – 300 W 
H2 + 
N2 
none 2.37 µmolg-1h-1 2.37 
143 
13
7 
Ru- n-GaN 0.035 gas phase 24 Xe – 300 W 
H2 + 
N2 
none 21.5 µmolg-1h-1 21.5 
143 
13
8 
n-InGaN 0.035 gas phase 24 Xe – 300 W 
H2 + 
N2 
none 1.7 µmolg-1h-1 1.70 
143 
13
9 
Ru-n-InGaN 0.035 gas phase 24 Xe – 300 W 
H2 + 
N2 
none 2.75 µmolg-1h-1 2.75 
143 
14
0 
BiO-QD 0.05 200 24 Xe – 500 W N2 none 20.6 mgL-1 1226 
138 
14
1 
BiO-QD 0.05 200 24 Xe – 500 W N2 MeOH 50 mgL-1 2976 
138 
14
2 
MoS2 0.015 200 10 Xe – 500 W N2 none 0.85 mgL-1 325 
129 
14
3 
Bi5O7Br NT 0.025 100 1 Xe – 300 W N2 none 1.38 mmolh-1g-1 1380 
100 
14
4 
Cd0.5Zn0.5S 0.02 50 1.6 Xe – 300 W N2 none 2.84 µmolL-1h-1 7.1 
130 
14
5 
Ni2P/Cd0.5Zn0.5S 0.02 50 1.6 Xe – 300 W N2 none 101.5 µmolL-1h-1 254 
130 
14
6 
Ni2P/Cd0.5Zn0.5S 0.02 50 1.6 Xe – 300 W N2 MeOH 259 µmolL-1h-1 648 
130 
14
7 
g-C3N4 0.2 500 2 Na – 250 W N2 EtOH 2.1 mgL-1h-1g-1 58.3 
112 
14
8 
MgAlFeO-gC3N4 0.2 500 2 Na – 250 W N2 EtOH 7.5 mgL-1h-1g-1 208 
112 
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14
9 
g-C3N4 0.2 500 4 
Xe/IR - 300/200 
W 
Air EtOH 0.36mgL-1h-1g-1 10.0 
113 
15
0 
W18O49/g-C3N4 0.2 500 4 
Xe/IR - 300/200 
W 
Air EtOH 2.6mgL-1h-1g-1 72.2 
113 
15
1 
g-C3N4 0.02 50 5 Xe – 500 W Air MeOH 33.4 µMh-1 83.5 
114 
15
2 
Ga2O3-DBD/g-C3N4 0.02 50 5 Xe – 500 W Air MeOH 112.5 µMh-1 281 
114 
15
3 
Fe2O3-Al2O3/3DG n.r. gas phase 3 Hg – 500 W  
H2 + 
N2 
none 430 µggcat-1 h-1 23.8 
400 
15
4 
TiO2-OV 0.2 200 6 Hg – 300 W N2 none 85 µmolL-1 14.2 
148 
15
5 
H-BiOBr 0.02 100 3 Xe – 300 W N2 none 360 µmolg-1h-1 360 
101 
15
6 
BiOBr 0.02 100 3 Xe – 300 W N2 none 83.1 µmolL-1 138 
101 
15
7 
g-C3N4 0.02 100 3 Xe – 300 W N2 none 60 µmolL-1 100 
101 
15
8 
TiO2 0.02 100 3 Xe – 300 W N2 none 45 µmolL-1 75 
101 
15
9 
g-C3N4 0.1 50 1 Vis – 100 W N2 EtOH 212.6 µmolL-1h-1 106 
115 
16
0 
γ-Ga2O3- g-C3N4 0.1 50 1 Vis – 100 W N2 EtOH 355.5 µmolL-1h-1 178 
115 
16
1 
TiO2 n.r. n.r. n.r. Xe – 150 W N2 none 0.19 mgL-1 - 
401 
16
2 
Fe-TiO2 n.r. n.r. n.r. Xe – 150 W N2 none 0.29 mgL-1 - 
401 
16
3 
g-C3N4, 0.05 50 3 Xe – 300 W N2 EtOH 21.4 µmolg-1h-1 21.4 
116 
16
4 
Cu- g-C3N4 0.05 50 3 Xe – 300 W N2 EtOH 165 µmolg-1h-1 165 
116 
16
5 
CsxWO3- g-C3N4 0.02 40 5 LED N2 MeOH 331 µmolg-1h-1 331 
117 
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16
6 
g-C3N4 0.02 40 5 LED N2 MeOH 125 µmolg-1h-1 125 
117 
16
7 
CsxWO3 0.02 40 5 LED N2 MeOH 23 µmolg-1h-1 23 
117 
16
8 
P-g-C3N4-NV 0.2 100 24 Xe – 2000 W N2 none 4.9 µmol 1.02 
118 
16
9 
P-g-C3N4-NV on silica 0.2 100 24 Xe – 2000 W N2 none 9.2 µmol 1.92 
118 
17
0 
TiO2-NS 0.025 100 1 Xe – 300 W N2 MeOH 212 µmolg-1h-1 212 
150 
17
1 
TiO2-NT 0.025 100 1 Xe – 300 W N2 MeOH 318 µmolg-1h-1 318 
150 
17
2 
K-g-C3N4-NV 0.05 200 1 
Xe – 100 
mWcm-2 
N2 none 
29.4 µmolL-1 h-1 
g-1 
5.9 
119 
17
3 
SiW12/K-g-C3N4-NV 0.05 200 1 
Xe – 100 
mWcm-2 
N2 none 
353.2 µmolL-1 h-1 
g-1 
70.6 
119 
17
4 
MoS2 0.1 200 5.5 Xe – 300 W N2 EtOH 2.0 µmolL-1 h-1 g-1 0.4 
131 
17
5 
ZnO 0.1 200 5.5 Xe – 300 W N2 EtOH 
26.3 µmolL-1 h-1 
g-1 
5.3 
131 
17
6 
C-ZnO 0.1 200 5.5 Xe – 300 W N2 EtOH 
156.6 µmolL-1 h-1 
g-1 
31.3 
131 
17
7 
1% MoS2/C-Zn 0.1 200 5.5 Xe – 300 W 
N2 + 
O2 
EtOH 
346.9 µmolL-1 h-1 
g-1 
69.4 
131 
17
8 
Bi2O2CO3-OV 0.03 50 4 UV N2 MeOH 3341 µmolL-1 1390 
139 
17
9 
Bi2O2CO3-OV 0.03 50 4 Xe – 500 W N2 MeOH 957 µmolL-1 399 
139 
18
0 
BiOBr-OV NS 0.05 100 2 Xe – 300 W N2 none 54.7 µmolg-1h-1 54.7 
102 
18
1 
BiOBr nanoplates 0.05 100 2 Xe – 300 W N2 none 5.75 µmolg-1h-1 5.75 
102 
18
2 
TiO2-OV 0.1 80 1.5 Xe – 300 W N2 MeOH 2.24 µmolg-1h-1 2.24 
149 
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18
3 
Au-TiO2-OV 0.1 80 1.5 Xe – 300 W N2 MeOH 78.6 µmolg-1h-1 78.6 
149 
18
4 
c-PAN/Bi2WO6 0.05 100 2 Xe – 300 W N2 none 160 µmolg-1h-1 160 
140 
18
5 
W18O49-NW 0.01 10 2 Xe – 300 W N2 Na2SO3 27.9 µmolg-1h-1 27.9 
147 
18
6 
Mo-W18O49-NW 0.01 10 2 Xe – 300 W N2 Na2SO3 195.5 µmolg-1h-1 196 
147 
18
7 
TiO2/C 0.05 100 2 Xe – 300 W N2 MeOH 23.5 µmolg-1h-1 23.5 
120 
18
8 
g-C3N4 0.05 100 2 Xe – 300 W N2 MeOH 13.2 µmolg-1h-1 13.2 
120 
18
9 
TiO2/C/g-C3N4 0.05 100 2 Xe – 300 W N2 MeOH 250.6 µmolg-1h-1 251 
120 
19
0 
g-C3N4 0.02 150 4 Xe – 300 W Air MeOH 0.964 mmolg-1h-1 964 
121 
19
1 
KOH-g-C3N4 0.02 150 4 Xe – 300 W Air MeOH 3.632 mmolg-1h-1 3632 
121 
19
2 
S-g-C3N4-CV 0.02 50 4 Xe – 500 W Air MeOH 2.13 mMh-1gcat-1 107 
122 
19
3 
S-g-C3N4-CV NS 0.02 50 4 Xe – 500 W Air MeOH 5.99 mMh-1gcat-1 300 
122 
19
4 
g-C3N4 0.02 50 n.r. Xe – 500 W Air none 0.88 mgL-1g-1h-1 2.59 
123 
19
5 
Te-g-C3N4 0.02 50 n.r. Xe – 500 W Air none 6.37 mgL-1g-1h-1 18.7 
123 
19
6 
δ-Bi2O3 NS 0.2 200 3 Xe – 400 W N2 none 0.72 µmolL-1 0.24 
141 
19
7 
Ag-δ-Bi2O3 NS 0.2 200 3 Xe – 400 W N2 none 5.1 µmolL-1 1.7 
141 
19
8 
Bi3FeMO2O12 0.05 100 1 Hg – 450 W N2 none 8.68 µMh-1 17.4 
135 
19
9 
H-Bi3FeMO2O12 0.05 100 1 Hg – 450 W N2 none 80.16 µMh-1 160 
135 
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20
0 
BiOI 0.05 100 5 Xe – 300 W Air EtOH 83.6 µmolg-1h-1 83.6 
103 
20
1 
C-BiOI 0.05 100 5 Xe – 300 W Air EtOH 311 µmolg-1h-1 311 
103 
20
2 
δ-Bi2O3 NS 0.2 200 3 Xe – 400 W N2 none 145 µmolg-1h-1 145 
142 
20
3 
AgCl-δ-Bi2O3 NS 0.2 200 3 Xe – 400 W N2 none 606 µmolg-1h-1 606 
142 
20
4 
MeOH-TiO2 0.3 300 24 Xe/Hg – 300 W  N2 none 0.76 µMh-1g-1 0.23 
153 
20
5 
MeOH-Fe-TiO2 0.3 300 24 Xe/Hg – 300 W  N2 none 1.3 µMh-1 g-1 0.39 
153 
20
6 
VO2/g-C3N4 0.1 100 4 Xe – 300 W Air MeOH 1.58 mMh-1 1580 
124 
20
7 
In2O3/g-C3N4 0.1 100 4 Xe – 300 W Air MeOH 1.24 mMh-1 1240 
124 
20
8 
ZrO2/g-C3N4 0.1 100 4 Xe – 300 W Air MeOH 2.08 mMh-1 2080 
124 
20
9 
Cr2O3/g-C3N4 0.1 100 4 Xe – 300 W Air MeOH 1.64 mMh-1 1640 
124 
21
0 
Fe2O3/g-C3N4 0.1 100 4 Xe – 300 W Air MeOH 4.38 mMh-1 4380 
124 
21
1 
g-C3N4 NS 0.05 50 3 Xe – 500 W Air EtOH 563 µMg-1 9.4 
125 
21
2 
g-C3N4 NS/CD 0.05 50 3 Xe – 500 W Air EtOH 704 µMg-1 11.7 
125 
21
3 
g-C3N4 NS/CD/CdS 0.05 50 3 Xe – 500 W Air EtOH 3180 µMg-1 53 
125 
21
4 
CdS 0.05 50 3 Xe – 500 W Air EtOH 590 µMg-1 9.8 
125 
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Appendix Table 2 – Literature comparison of photocatalytic nitrate reduction. 
no. Photocatalyst 
gcat / 
g 
volume 
/ mL 
irradiation 
time / hr 
lamp/Power [NO3] 
Hole 
scavenger 
reported yield 
calculated activity / 
µmolg-1h-1 
Ref 
1 TiO2 0.07 142 24 Xe – 150 W 2.2 M  none 700 µmolL-1 59.6 158 
2 SrTiO3 0.07 142 24 Xe – 150 W 2.2 M  none 700 µmolL-1 88.8 158 
3 Pt-TiO2 0.2 300 24 Xe – 500 W 1 M  MeOH 15.2 µmolh-1 76 159 
4 Rh-TiO2 0.2 300 24 Xe – 500 W 0.1 M  none 0.7 µmolh-1 3.5 159 
5 Pd-TiO2 0.2 300 24 Xe – 500 W 0.1 M  none 0.2 µmolh-1 1 159 
6 Pt-TiO2 0.2 300 18 Xe – 500 W 1 M none 2.4 µmolh-1 12 160 
7 Pt-SrTiO3 0.2 300 18 Xe – 500 W 1 M none 1.4 µmolh-1 7 160 
8 NiO-SrTiO3 0.2 300 18 Xe – 500 W 1 M  none 0.1 µmolh-1 0.5 160 
9 ZnS 0.1 25 1 Xe – 150 W 50 ppm SO4 0.82 µmol 8.2 163 
10 Ru-TiO2 0.1 10 0.5 Xe – 150 W 100 ppm none 0.68 µmol 13.6 170 
11 ZnO 0.1 20 2 Xe – 450 W 10 ppm SO3 0.63 µmol 3.2 162 
12 Rh-ZnO 0.1 20 2 Xe – 450 W 10 ppm SO3 0.96 µmol 4.8 162 
13 Pd-ZnO 0.1 20 2 Xe – 450 W 10 ppm  SO3 0.84 µmol 4.2 162 
14 ZrO2 0.1 20 2 Xe – 450 W 10 ppm  none 0.75 µmol 3.8 162 
15 α-Fe2O3 0.1 20 2 Xe – 450 W 10 ppm  none 1.70 µmol 8.5 162 
16 Fe3O4 0.1 20 2 Xe – 450 W 10 ppm  none 0.32 µmol 1.6 171 
17 TiO2 0.05 20 2 Xe – 450 W 10 ppm  none 4.73 µmol 47.3 161 
18 ZnO-Fe2O3 (1:1) 0.1 20 2 Xe – 150 W 10 ppm  SO4 0.45 µmol 2.3 172 
19 Ru-TiO2 0.1 20 4 Xe – 450 W 10 ppm  none 0.68 µmol 1.7 172 
20 Pt-TiO2 0.1 20 4 Xe – 450 W 10 ppm  none 0.63 µmol 1.6 172 
21 Pd-TiO2 0.1 20 4 Xe – 450 W 10 ppm  none 0.33 µmol 0.8 172 
22 Rh-TiO2 0.1 20 4 Xe – 450 W 10 ppm  none 0.64 µmol 1.6 172 
23 Fe-TiO2 0.1 20 2 Xe – 450 W 10 ppm  none 0.45 µmol 2.25 174 
24 Fe-TiO2 0.1 20 2 Xe – 450 W 10 ppm none 0.31 µmol 1.6 173 
25 Cr-TiO2 0.1 20 2 Xe – 450 W 10 ppm none 0.41 µmol 2.05 173 
26 Co-TiO2 0.1 20 2 Xe – 450 W 10 ppm none 0.96 µmol 4.8 173 
27 Mg-TiO2 0.1 20 2 Xe – 450 W 10 ppm none 0.31 µmol 1.6 173 
28 TiO2  0.2 80 2 Hg – 150 W 1 mM Oxalate 13.2 µmol 33 179 
29 CdS-H4Nb6O17 0.5 600 10 Hg – 100 W 0.2mM MeOH 20 µmolL-1 2 166 
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30 TiO2 0.05 5 3 Hg - 400 W 50 µmol Oxalic Acid 2.1 µmol 14 177 
31 Ni-TiO2 0.05 5 6 Hg - 400 W 50 µmol Oxalic Acid 10 µmol 33.3 177 
32 Au-TiO2 0.05 5 6 Hg - 400 W 50 µmol Oxalic Acid 11 µmol 36.6 177 
33 Ag-TiO2 0.05 5 3 Hg - 400 W 50 µmol Oxalic Acid 23 µmol 153 177 
34 Cu-TiO2 0.05 5 3 Hg - 400 W 50 µmol Oxalic Acid 20 µmol 133 177 
35 CdS-H4Nb6O17 0.5 400 10 Hg - 100 W 0.2 mM MeOH 36 µmolL-1 2.9 339 
36 TiO2 0.5 500 8 Hg - 100 W 0.2 mM MeOH 
100% conv. 80% 
NH4+ 
20 167 
37 TiO2 0.05 50 2 
N-UV – 20 
W 
1000 µg(N) Sucrose 13.2 µg 9.4 180 
38 PtNi-ZnS 0.5 100 20 Xe - 300 W 1 M MeOH 
0.03% conv., 
42.7% NH4+ 
1.3 164 
39 Zn0.999Ni0.001S 0.5 100 20 Xe - 300 W 1 M MeOH 
0.3% conv., 8% 
NH4+ 
2.4 164 
40 TiO2 1 400 5 Hg - 450 W 10 mM none 6.2 µmol 1.24 168 
41 K3Ta3Si2O13 1 400 5 Hg - 450 W 10 mM none 5.1 µmol 1.02 168 
42 Ni-K3Ta3Si2O13 1 400 5 Hg - 450 W 10 mM none 24 µmol 4.8 168 
43 BaTa2O6 1 400 5 Hg - 450 W 10 mM none 20 µmol 4.0 168 
44 Ni-BaTa2O6 1 400 5 Hg - 450 W 10 mM none 48 µmol 9.6 168 
45 NaTaO3 1 400 5 Hg - 450 W 10 mM none 6.5 µmol 1.3 168 
46 Ni-NaTaO3 1 400 5 Hg - 450 W 10 mM none 31 µmol 6.2 168 
47 KTaO3 1 400 5 Hg - 450 W 10 mM none 18 µmol 3.6 168 
48 Ni-KTaO3 1 400 5 Hg - 450 W 10 mM none 32 µmol 6.4 168 
49 Pt-TiO2 0.2 200 2 Hg - 125 W 100 ppm Oxalic Acid 13 µmol 32.5 188 
50 Ni-TiO2 0.2 200 2 Hg - 125 W 100 ppm Oxalic Acid 7.1 µmol 17.8 188 
51 Cu-TiO2 0.2 200 2 Hg - 125 W 100 ppm Oxalic Acid 12 µmol 30 188 
52 Pd-Cu-TiO2  0.2 200 2 Hg - 125 W 100 ppm Oxalic Acid 9.3 µmol 23.3 188 
53 Pt-Cu-TiO2 0.2 200 2 Hg - 125 W 100 ppm Oxalic Acid 110 µmol 275 188 
54 Ni-Cu-TiO2 0.2 200 2 Hg - 125 W 100 ppm Oxalic Acid 170 µmol 425 188 
55 MgTiO3-TiO2 0.2 200 2 Hg - 125 W 100 ppm  
Sodium 
Oxalate 
0.27 mgL-1 7.5 178 
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56 Cu-TiO2 0.2 200 2 Hg - 125 W 100 ppm 
Sodium 
Oxalate 
5.25 mgL-1 146 178 
57 Cu-MgTiO3-TiO2 0.2 200 2 Hg - 125 W 100 ppm 
Sodium 
Oxalate 
7.2 mgL-1 200 178 
58 Ag-TiO2 0.25 250 0.5 Hg - 125 W 7.14 mM Formic Acid 4.2 mgL-1 0.6 186 
59 Cu-TiO2  0.05 5 12 Hg - 450 W 50 µmol Oxalic Acid 20 µmol 33 402 
60 Bi3+-TiO2 0.25 250 1 Hg – 8 W 2.25 ppm none 1 mgL-1 71.4 403 
61 Ag/TiO2 0.45 450 0.5 UV – 8 W 100 ppm Formic Acid 1.2 mgL-1 133 183 
62 Pd-Cu-TiO2 1 500 1 
5 UV – 15 
W 
0.8 mM Formic Acid 0.11 mmolL-1 55 189 
63 TiO2 0.25 660 3 Hg – 110 W 100 ppm Formic Acid 
100% conv, 45% 
NH4+  
975 270 
64 Cu-TiO2 0.25 660 3 Hg – 110 W 100 ppm Formic Acid 
100% conv, 
100% NH4+ 
2146 270 
65 Ag-TiO2 0.25 660 3 Hg – 110 W 100 ppm Formic Acid 
100% conv, 62% 
NH4+  
1333 270 
66 TiO2 0.5 500 4 Hg – 250 W 60 ppm Benzene 0.8 mgL-1 11.8 195 
67 Pt-TiO2 0.5 500 4 Hg – 250 W 60 ppm Benzene 2.7 mgL-1 39.7 195 
68 W-TiN 0.2 200 1 Hg - 125 W 80 ppm Formic Acid 3 mol% NH4+ 38.5 184 
69 Au-TiO2 0.25 1200 2.5 UV - 400 W 100 ppm Oxalic Acid 
53% NO3 conv, 
5% NH4+ 
56.9 336 
70 Pd-TiO2 0.1 250 3 Xe - 300 W 29 ppm MeOH 15% conv.  58.8 175 
71 Cu-Pd-TiO2 0.1 250 3 Xe - 300 W 145 ppm MeOH 
618 µM, 26% 
conv. 
515 175 
72 BaLa4Ti4O15 0.5 350 21 Hg - 450 W 10 mM none 
97.4% conv., 
0.29% NH4+ 
0.942 404 
73 TiO2 2.7 2700 2 Hg – 17 W 0.6 mM Formic Acid 
87.46% conv., 
70.71% N2 
76.9 343 
74 Cu-TiO2 2.7 2700 2 Hg – 17 W 0.6 mM Formic Acid 
93.73% conv., 
0% N2 
281.2 343 
75 Zn-TiO2 1.35 2700 2 Hg – 17 W 0.6 mM Formic Acid 
93.57% conv., 
74.47% N2 
143.3 343 
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76 Pt-TiO2 + SnPd-Al2O3 0.017 10 4 
LED – 8 
mW 
10 mM EtOH 
39%conv. 10% 
NH4+  
57.4 176 
77 Pt-TiO2 + SnPd-SiO2 0.017 10 4 
LED – 8 
mW 
10 mM EtOH 
23% conv. 12% 
NH4+  
40.6 176 
78 SnPd-TiO2 0.015 10 4 
LED – 8 
mW 
10 mM EtOH 
19% conv. 23% 
NH4+  
72.8 176 
79 SnPdPt-TiO2 0.015 10 4 
LED – 8 
mW 
10 mM EtOH 
23% conv. 24% 
NH4+  
92 176 
80 TiO2 1.8 1800 n.r. Hg - 450 W 100 ppm Formic Acid 15 mgL-1 - 405 
81 TiO2:nano Fe0 0.25 30 0.5 
UV - 1.9 
mWcm-2 
10 ppm none 9 mgL-1 - 406 
82 Ag-TiO2 0.05 5 2 Hg - 400 W 50 µmol 
Sodium 
Oxalate 
16 µmol 160 182 
83 Cu-TiO2  0.05 5 2 Hg - 400 W 50 µmol 
Sodium 
Oxalate 
3 µmol 30 182 
84 Pd-TiO2  0.05 5 2 Hg - 400 W 50 µmol 
Sodium 
Oxalate 
2 µmol 20 182 
85 TiO2 0.05 5 2 Hg - 400 W 50 µmol 
Sodium 
Oxalate 
1 µmol 10 182 
86 TiO2 0.1 50 6 Hg - 125 W 100 ppm Formic Acid 
91% conv, 5% 
NH3  
122.3 407 
87 TiO2 0.2 200 n.r. Hg - 450 W 1740 mgL-1 Formic Acid 
83% N gases, 
17% NH4+  
- 408 
88 TiO2 0.2 200 n.r. Hg - 450 W 100 mgL-1 Formic Acid 
29% NH4, 70.5% 
N2  
- 409 
89 Nd-N-TiO2 0.05 100 1.5 Xe - 300 W 50 ppm Formic Acid 
92.3% conv. 
20.5% NH4+  
2040 190 
90 TiO2 0.45 4500 6 
3*UV – 15 
W 
100 ppm Formic Acid 
41.4% conv., 
0.09% NH4+  
4.43 187 
91 Ag-TiO2 0.45 4500 6 
3*UV – 15 
W 
100 ppm Formic Acid 
70.0% conv., 
0.10% NH4+ 
8.3 187 
92 Pd-Cu-TiO2 0.1 190 4 Hg – 150 W 100 ppm Formic Acid 
36% conv., 52% 
NH4+  
750 191 
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93 Pt-TiO2 + SnPd/Al2O3  0.6 250 12 Xe - 300 W 1 mM Glucose 
23% conv., 22% 
NH4+  
1.75 181 
94 SnPd/TiO2 0.5 250 12 Xe - 300 W 1 mM Glucose 
5% conv., 38% 
NH4+  
0.79 181 
95 
Pt-SrTiO3:Rh + SnPd-
Al2O3 
0.65 250 6 Xe - 300 W 0.8 mM MeOH 
16% conv., 6% 
NH4+  
0.64 192 
96 SnPd/SrTiO3:Rh 0.5 250 6 Xe - 300 W 0.8 mM MeOH 
8% conv., 16% 
NH4+  
0.85 192 
97 TiO2 0.02 20 4 Hg - 300 W 100 mgL-1 Formic Acid 
26.8% conv., 
72.4% N2  
82.1 410 
98 Ag2O-TiO2 0.02 20 4 Hg - 300 W 100 mgL-1 Formic Acid 
97.2% conv., 
83.1% N2  
250 410 
99 TiO2 0.5 500 1 UV – 15 W 0.8 mM Formic Acid 39 µmolL-1 39 411 
100 LiNbO3 0.25 660 2 Hg – 110 W 0.8 mM Formic Acid 
98.4% conv., 
95.8% N2  
13.2 412 
101 TiO2 0.25 660 2 Hg – 110 W 0.8 mM Formic Acid 
48.5% conv., 
38.1% N2  
63.8 412 
102 CuFe0-TiO2 n.r. 100 6 
3*UV – 20 
W 
75 ppm none 
100% conv., 19% 
NH4+  
- 193 
103 Ag-NP-TiO2 {101}+{001}  0.05 100 3 Xe - 300 W  100 ppm Formic Acid 
95%conv. 91% 
N2. 
289 413 
104 Fe0/TiO2 20 n.r. 12 
UV-A – 20 
W 
0.8 mM Formic Acid 
80.0% conv., 
39.1% NH4+  
- 414 
105 TiO2 0.1 80 24 Hg – 30 W 0.25 mM 
organic 
substrates 
60% conv., 4% 
NH4+ 
8.3 415 
106 TiO2 0.2 250 4 Xe - 300 W 1 mM Glucose 
17% conv., 76% 
NH4+ 
40.38 194 
107 Sn2Pd/TiO2 0.2 250 4 Xe - 300 W 1 mM Glucose 
31% conv., 49% 
NH4 + 
47.47 194 
108 TiO2 0.2 200 1 Hg - 125 W 2 mM Formic Acid 
100% conv., 
27.5% NH4+ 
550 416 
109 Ag-TiO2 0.2 200 1 Hg - 125 W 2 mM Formic Acid 
100% conv., 
46.0% NH4+ 
920 416 
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110 TiO2 0.1 50 24 Xe – 2 kW 50 µmol Formic Acid 
79% conv., 97% 
NH4+ 
16 196 
111 Cu-NPs-TiO2 0.045 300 2 Hg - 125 W 629 ppm Glycerol 
81.0% conv. 
1.26% NH4+ 
345.1 417 
112 Cu-NPs-TiO2 0.045 300 1.5 Hg - 125 W 10 ppm Glycerol 3.31 µmolL-1 14.7 418 
113 β-In2S3 0.1 100 1 Xe - n.r. 50 ppm(N) 
Formic Acid 
+ Sodium 
Formate 
0.91 mgh-1 conv., 
8.5% NH4+ 
55.3 165 
114 Ag-β-In2S3 0.1 100 1 Xe - n.r. 50 ppm(N) 
Formic Acid 
+ Sodium 
Formate 
1.0mgh-1 conv., 
19% NH4+ 
135.7 165 
115 Au-β-In2S3 0.1 100 1 Xe - n.r. 50 ppm(N) 
Formic Acid 
+ Sodium 
Formate 
1.4 mgh-1 conv., 
14.5% NH4+ 
145 165 
116 Pt-β-In2S3 0.1 100 1 Xe - n.r. 50 ppm(N) 
Formic Acid 
+ Sodium 
Formate 
1.25 mgh-1 conv., 
16% NH4+ 
142.9 165 
117 RuOx-β-In2S3 0.1 100 1 Xe - n.r. 50 ppm(N) 
Formic Acid 
+ Sodium 
Formate 
2.3 mgh-1 conv., 
18.5% NH4+ 
303.9 165 
118 Pd-β-In2S3 0.1 100 1 Xe - n.r. 50 ppm(N) 
Formic Acid 
+ Sodium 
Formate 
3.3 mgh-1 conv., 
22.5% NH4+ 
523.9 165 
119 Cu2O/TiO2 1.5 1600 3 UV - 400 W 100 ppm Oxalic Acid 
57.6% conv., 
45.7% NH4+ 
151 306 
120 TiO2 0.2 200 0.5 Hg – 250 W 100 mgL-1 Formic Acid 
35.8% conv., 
12% NH4+  
629 358 
121 TiO2-NT 0.2 200 0.5 Hg – 250 W 100 mgL-1 Formic Acid 
53.3% conv., 
10% NH4+  
786 358 
122 AgCl-TiO2-NT 0.2 200 0.5 Hg – 250 W 100 mgL-1 Formic Acid 
79.6% conv., 
12% NH4+  
1390 358 
123 TiO2 0.025 50 1.6 Hg – 500 W 0.8 mM Formic Acid 
72.8% conv., 6% 
NH4+  
43.7 419 
124 GdCrO3 0.025 50 1.6 Hg – 500 W 0.8 mM Formic Acid 
79.3% conv., 
2.8% NH4+  
22.2 419 
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gcat / 
g 
volume 
/ mL 
irradiation 
time / hr 
lamp/Power [NO3] 
Hole 
scavenger 
reported yield 
calculated activity / 
µmolg-1h-1 
Ref 
125 NaTaO3:La 0.05 140 2 Hg - 125 W 5 mmol Formic Acid 
76% conv., 53% 
NH3 
9400 169 
126 PdSn/NaTaO3:La 0.05 140 2 Hg - 125 W 5 mmol Formic Acid 
79% conv., 56% 
NH3 
11400 169 
127 NiO/NaTaO3:La 0.05 140 2 Hg - 125 W 5 mmol Formic Acid 
83% conv., 38% 
NH3 
5000 169 
128 PdSn-NiO-NaTaO3:La 0.05 140 2 Hg - 125 W 5 mmol Formic Acid 
100% conv., 72% 
NH3 
25300 169 
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Appendix Table 3 – Literature comparison of photocatalytic nitrite reduction. 
no. Photocatalyst 
gcat / 
g 
Volume 
/ mL 
Irradiation 
Time / hr 
Lamp/Power [NO2] 
Hole 
Scavenger 
Reported Yield 
Calculated 
Activity / 
µmolg-1h-1 
Ref 
1 TiO2 
1 
gL-1 
n.r. 36 Xe – 150 W 0.2 M Na2S 0.3 µmolh-1cm-2 - 201 
2 CdS 
1 
gL-1 
n.r. 36 Xe – 150 W 0.12 M Na2S 0.5 µmolh-1cm-2 - 201 
3 CdS-ZnS 
1 
gL-1 
n.r. 36 Xe – 150 W 0.12 M Na2S 0.5 µmolh-1cm-2 - 201 
4 SrTiO3 
1 
gL-1 
n.r. 36 Xe – 150 W 0.12 M Na2S 1.1 µmolh-1cm-2 - 201 
5 ZnS 0.1 25 1 Xe – 150 W 50 ppm SO4 5.05 µmol 50.5 163 
6 Ru-TiO2 0.1 10 0.5 Xe – 150 W 100 ppm none 1.06 µmol 21.2 170 
7 CdS 0.1 20 2 Xe - 450 W 10 ppm none 1.67 µmol 8.35 202 
8 ZnO 0.1 20 2 Xe - 450 W 10 ppm SO4 0.12 µmol 0.6 162 
9 Pt-ZnO 0.1 20 2 Xe - 450 W 10 ppm SO4 0.5 µmol 2.5 162 
10 Ru-ZnO 0.1 20 2 Xe - 450 W 10 ppm SO4 0.22 µmol 1.1 162 
11 Rh-ZnO 0.1 20 2 Xe - 450 W 10 ppm SO4 0.69 µmol 3.45 162 
12 ZrO2 0.1 20 2 Xe - 450 W 10 ppm none 1.02 µmol 5.1 162 
13 α-Fe2O3 0.1 20 2 Xe - 450 W 10 ppm none 0.82 µmol 4.1 162 
14 TiO2 0.05 20 2 Xe - 450 W 10 ppm  none 6.47 µmol 64.7 171 
15 ZnO-Fe2O3 (1:1) 0.1 20 2 Xe – 150 W 10 ppm  SO4 0.26 µmol 1.3 161 
16 Ru-TiO2 0.1 20 4 Xe - 450 W 10 ppm  none 1.06 µmol 2.65 172 
17 Pt-TiO2 0.1 20 4 Xe - 450 W 10 ppm  none 0.97 µmol 2.43 172 
18 Pd-TiO2 0.1 20 4 Xe - 450 W 10 ppm  none 0.48 µmol 1.2 172 
19 Rh-TiO2 0.1 20 4 Xe - 450 W 10 ppm  none 0.95 µmol 2.38 172 
20 Fe-TiO2 0.1 20 2 Xe - 450 W 10 ppm  none 2.84 µmol 14.2 174 
21 Fe-TiO2 0.1 20 2 Xe - 450 W 10 ppm none 0.67 µmol 3.35 173 
22 Cr-TiO2 0.1 20 2 Xe - 450 W 10 ppm none 0.25 µmol 1.25 173 
23 Co-TiO2 0.1 20 2 Xe - 450 W 10 ppm none 0.37 µmol 1.85 173 
24 Mg-TiO2 0.1 20 2 Xe - 450 W 10 ppm none 0.55 µmol 2.75 173 
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gcat / 
g 
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/ mL 
Irradiation 
Time / hr 
Lamp/Power [NO2] 
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Activity / 
µmolg-1h-1 
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25 
Nafion/[Ni(teta)]2+/[Ru(bpy)3]2
+ 
1 
cm2 
n.r. 0.5 W – 500 W 1 M TEA 1.2 µmol - 203 
26 Nafion/Zn H2Pc 
1 
cm2 
n.r. 0.83 W – 500 W 1 M TEA 1.2 µmol - 204 
27 Nafion/Co H2Pc 
1 
cm2 
n.r. 0.83 W – 500 W 1 M TEA 0.7 µmol - 204 
28 Nafion/Fe H2Pc 
1 
cm2 
n.r. 0.83 W – 500 W 1 M TEA 3 µmol - 204 
29 Ru-CdS 0.04 50 0.33 Hg – 1 kW 100 ppm SO4 0.38 µmol 28.5 205 
30 Rh-CdS 0.04 50 0.33 Hg – 1 kW 100 ppm SO4 0.13 µmol 9.8 205 
31 Ir-CdS 0.04 50 0.33 Hg – 1 kW 100 ppm SO4 0.12 µmol 9 205 
32 Ru-TiO2 0.05 5 2 Hg - 400 W 50 µmol none 4.2 µmol 42 199 
33 Cu-TiO2 0.05 5 2 Hg - 400 W 50 µmol none 1 µmol 10 199 
34 
MTMOS/TiO2-Au-
NP/[Ni(teta)]2+ 
1 
cm2 
20 1 Xe - 450 W 1 mM Oxalic Acid 4.32 µmol - 206 
35 
Nafion/TiO2-Au-
NP/[Ni(teta)]2+ 
1 
cm2 
20 1 Xe - 450 W 1 mM Oxalic Acid 6.36 µmol - 206 
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Appendix Table 4 – Literature comparison of photoelectrochemical nitrogen reduction. 
no. WE CE RE 
Potential 
/ V 
Electrode 
Area / 
cm2 
Irradiation 
Time / 
hours 
Lamp/Power 
N2 
Source 
Medium/Hole 
Scavenger 
Reported Yield 
Calculated 
Activity / 
nmolcm-2h-1 
Ref 
1 p-GaP Al none n.r. 1 24 Xe – 150 W N2 
Glyme + Ti 
iso + AlCl3 
2.5% yield - 255 
2 p-GaP Al SCE -0.3 0.5 n.r. Xe – 1 kW N2 
Glyme + Ti 
iso + AlCl3 
1.98 µmol 3960 259 
3 GaP Steel none 0.4 0.2 n.r. Hg – 45 W N2 KOH 4.4% Curr. Eff. - 260 
4 TiO2 Fe none 0.3 1.35 n.r. Hg – 45 W N2 KOH 9.9% Curr. Eff. - 260 
5 TiO2 C none 0.9 1.35 n.r. Hg – 45 W N2 KOH 9.6% Curr. Eff. - 260 
6 H-B-Diamond Pt none 0 0.03 6 
Hg/Xe - 450 
W 
N2  H2O, KI  8.2 µg  2700 126 
7 
Nb-SrTiO3/Au-
NP 
Nb-
SrTiO3/Ru 
none 0 0.06 24 Xe - n.r. 
N2 + 
H2O 
HCl, EtOH 6 nmol 4.2 263 
8 Mo-diamond Pt Ag/AgCl -0.3 n.r. 4 
Hg/Xe - 450 
W 
N2 + 
H2O 
NaSO4, 
KI/KI3 
1.7 µg - 262 
9 Ti-diamond Pt Ag/AgCl -0.3 n.r. 4 
Hg/Xe - 450 
W 
N2 + 
H2O 
NaSO4, 
KI/KI3 
1.5 µg - 262 
10 Nb-diamond Pt Ag/AgCl -0.3 n.r. 4 
Hg/Xe - 450 
W 
N2 + 
H2O 
NaSO4, 
KI/KI3 
0.75 µg  - 262 
11 
H-term. Nb-
diamond 
Pt Ag/AgCl -0.3 n.r. 1 
Hg/Xe - 450 
W 
N2 + 
H2O 
NaSO4, 
KI/KI3 
2 µg  - 262 
12 
Nb-
SrTiO3/Zr/ZrOx 
Au-
NP/Nb-
SrTiO3 
none 0 0.06 24 Xe - n.r. 
N2 + 
H2O 
HCl, EtOH 6.5 nmolcm-2h-1 6.5 264 
13 Nb-SrTiO3/Ru 
Au-
NP/Nb-
SrTiO3 
none 0 0.06 24 Xe - n.r. 
N2 + 
H2O 
HCl, EtOH 1.1 nmolcm-2h-1 1.1 264 
14 
Au-NP/black-
B-Si 
black-B-
Si/Cr 
none n.r. 0.1 24 Xe - 300 W N2 H2O, NaSO3 13.3 mgL-1m-2h-1 0.78 265 
15 
Au-NP/black-
B-Si 
black-B-
Si/Cr 
none n.r. 1 3 Xe - 300 W N2 H2O, NaSO3 60 mgL-1m-2h-1 3.5 265 
16 TiO2 Pt none n.r. 1 12 Xe - 300 W N2 H2O 5.1 nmolcm-2h-1 5.1 420 
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Area / 
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Ref 
17 Au-NP/TiO2  Pt none n.r. 1 12 Xe - 300 W N2 H2O 9.2 nmolcm-2h-1 9.2 420 
18 
TiO2/a-TiO2-
OV  
Pt none n.r. 1 12 Xe - 300 W N2 H2O 10.7 nmolcm-2h-1 10.7 420 
19 
TiO2/Au-NP/a-
TiO2-OV 
Pt none n.r. 1 12 Xe - 300 W N2 H2O 13.4 nmolcm-2h-1 13.4 420 
20 
CsxWO3-g-
C3N4 
Pt Ag/AgCl n.r. 1 15 
LED – 365 
nm 
N2 H2O, MeOH 279 nmol 18.6 117 
21 
Au-
NP/PTFE/Ti-p-
Si 
Pt Ag/AgCl -0.2 0.1 4 Xe - 300 W N2 
H2SO4, 
NaSO3 
18.9 µgcm-2h-1 1110 45 
22 Au-NP/Ti-p-Si Pt Ag/AgCl -0.2 0.1 4 Xe - 300 W N2 
H2SO4, 
NaSO3 
11.3 µgcm-2h-1 660 45 
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Appendix Table 5 – Literature comparison of photoelectrochemical NOx reduction. 
no. WE CE RE 
Potential 
/ V 
Electrode 
Area / 
cm2 
Irradiation 
Time / h 
Lamp/Power [NOx-] 
Medium/Hole 
Scavenger 
Reported Yield Calculated Activity 
Ref 
1 p-GaP Pt none 
-1.3 to   
-1.5 
0.24 21 Hg – 45 W 
2.2 M 
NO3 
H3PO4 185 µM 36.8 µmolcm-2h-1 
158 
2 CdS Pt Ag/AgCl 0.1 0.04 g 0.33 Hg – 1 kW 
500 
ppm 
NO2 
H2O, SO4 1.53 µmol 115 µmolg-1h-1 
205 
3 Ru-CdS Pt Ag/AgCl 0.1 0.04 g 0.33 Hg – 1 kW 
500 
ppm 
NO2 
H2O, SO4 2.53 µmol 190 µmolg-1h-1 
205 
4 Rh-CdS Pt Ag/AgCl 0.1 0.04 g 0.33 Hg – 1 kW 
500 
ppm 
NO2 
H2O, SO4 2.23 µmol 167 µmolg-1h-1 
205 
5 Ir-CdS Pt Ag/AgCl 0.1 0.04 g 0.33 Hg – 1 kW 
500 
ppm 
NO2 
H2O, SO4 1.92 µmol 144 µmolg-1h-1 
205 
6 Re/p-Si Pt Hg/HgSO4 -0.8 2.5 2 
Xe/UV – 
150 W 
100 
ppm 
NO3 
H2O + H2SO4 7.2 ppm NH4+ 80 µMcm-2h-1 
272 
7 Cu/Cu2O Pt Ag/AgCl 0.2 25 1.25 Hg – 80 Wh 
5 mgL-1 
NO3 
NaCl 
93% conv., 6% 
NH4+ 
0.14 µmolcm-2h-1 
273 
8 Ti/TiO2 Pt Ag/AgCl -0.2 25 1 Hg – 80 W 
5 mgL-1 
NO2 
NaCl 
100% conv., 44% 
NH4+ 
1.91 µmolcm-2h-1 
274 
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9.2. List of Publications 
1.  Paper published – J.M. Walls, J. S. Sagu and K. G. U. Wijayantha, Microwave 
synthesised Pd–TiO2 for photocatalytic ammonia production, RSC Adv., 2019,9, 
6387-6394 
2. Paper in progress –  J. S. Sagu, et al The Photoelectrochemistry of p-CuFe2O4 Thin 
Films, 2019 
3. Paper in progress – J. M. Walls et al, “Microwave Ammonia Synthesis via Pd/PdO 
Nanoparticle synthesis and In-situ Isopropanol Dehydrogenation”, 2019 
4. Paper in progress – S. A. Kondrat, Unentitled publication on the X-ray adsorption 
studies of soot oxidation over potassium catalysts, 2019 
  
209  
 
9.3. Work Conducted for Completion of Centre of Doctoral Training 
Requirements 
Appendix table 6. below shows a list of modules undertaken in the duration of PhD studies as 
part of the Centre of Doctoral Training Requirements. 
Module Title Credits 
The Energy System 
 
10 
Materials for Hydrogen and Fuel Cell Technologies 10 
Fuel Cell and Hydrogen Technology 
 
10 
Effective Project Management 
 
10 
Business Methods, Economics and Strategy 10 
Materials for Energy Generation and Storage 10 
Marketing and TQM 
 
10 
Chemical Nanoengineering 
 
10 
Principle of Hydrogen Safety I & II 
 
20 
Postgraduate Enterprise Summer School 2016 
 
10 
Public Engagement and Awareness in Energy 
 
10 
 
 
In addition, a series of three mini projects were undertaken during the course of the PhD 
studies, described as follows: 
 Interdisciplinary: X-ray adsorption investigation over potassium soot oxidation 
catalysts with Warwick University, Cardiff University and European Synchrotron Radiation 
Facility (ESRF). 
 Public Engagement: A public presentation given at Ashlyn’s School, Berkhamsted. 
 Industrial: Development of a possible start-up idea at Energy Yes competition.  
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9.4. Dissemination of Research 
1. Poster Presentation: Photoelectrochemical Ammonia Production, RSC Energy Sector 
Early Careers Symposium, Rolls Royce Derby, February 2015 
2. Poster Presentation: Photoelectrochemical Ammonia Production, Semiconductor 
Photochemistry and Solar Fuels Workshop, Imperial College London, April 2015  
3. Conference Attendance: Graduate School Summer Showcase, Loughborough 
University, June 2015 
4. Conference Attendance: Plasmas, Surfaces and Thin Films : Early Career Researchers 
Meeting, Loughborough University, June 2015 
5. Conference Attendance: The Midlands Electrochemistry Group (MEG), Warwick 
University, June 2015 
6. Poster Presentation: Photoelectrochemistry of p-type CuFe2O4 thin films, 
Electrochem 2015, Durham, September 2015 
7. Poster Presentation: Photoelectrochemistry of p-type CuFe2O4 thin films, RSC Energy 
Sector Early Career Chemists Symposium, London, February 2016 
8. Oral Presentation: Photoelectrochemical Ammonia Production, CDT Annual meeting, 
Nottingham, April 2016 
9. Poster Presentation: Photoelectrochemistry of p-type CuFe2O4 thin films, Midlands 
Electrochemistry Group, May 2016 
10. Poster Prize: Photoelectrochemistry of p-type CuFe2O4 thin films, Science Matters, 
Loughborough, June 2016 (Best 2nd year PhD poster) 
11. Poster Presentation: Photoelectrochemistry of p-type CuFe2O4 thin films, Great 
Western Electrochemistry Group Meeting, June 2016 
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12.  Poster Presentation, Photoelectrochemistry of p-type CuFe2O4 thin films, 
Postgraduate Summer Showcase, June 2016 
13. Poster Presentation, Photoelectrochemistry of p-type CuFe2O4 thin films, East 
Midlands University Association postgraduate research student conference, 
September 2016  
14. Oral Presentation: Investigation of Solar and Microwave ammonia synthesis 
techniques, CDT Annual Conference, Imperial College London, April 2017 
15. Poster presentation: Microwave Synthesised Pd-TiO2 for Photocatalytic Ammonia 
Production, Summer Showcase, Loughborough University, June 2017 
16. Poster Presentation: Microwave Synthesised Pd-TiO2 for Photocatalytic Ammonia 
Production, International Symposium on Relations between Homogeneous and 
Heterogeneous Catalysis, Royal Australian Chemical Institute, Darling Harbour 
International Convention Centre, Sydney, Australia 
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